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Although since the 1960s, many metallic glasses and bulk metallic glasses (BMGs) have 
been reported, the way to find the alloy composition with the optimum glass forming 
ability (GFA) within an alloy system still remains unclear. The first purpose of the 
present study is to establish a practical strategy to pinpoint the optimum glass forming 
alloy precisely in an alloy system.  
Zr based alloy systems have become one of the most promising to discover bulk 
metallic glasses. Moreover, Zr based bulk metallic glasses have exhibited a combination 
of various good mechanical properties, which cannot be obtained for conventional 
crystalline alloys. The second purpose of the present study is to obtain bulk metallic 
glasses in the Zr-Cu binary and the Zr-Cu-Al ternary systems. 
In this work, based on the principle of the competition of the formation/growth of 
glass and crystalline phases, a metallographic strategy to pinpoint the optimum glass 
former within a binary eutectic alloy system was established. The essence of this 
metallographic strategy is that by monitoring the microstructure evolution with 
composition and finding the junction where two composite (glass + primary phase α, 
glass + primary phase β) zones meet, one can precisely pinpoint the optimum glass 
former in the binary eutectic system. With the implementation of this strategy in the 
binary Cu8Zr3-Cu10Zr7 eutectic system, we successfully found the optimum glass forming 
  vii
alloy in this system and obtained 2 mm Zr35.5Cu64.5 bulk metallic glass. This breaks the 
empirical condition previously believed necessary for BMG formation, i.e. a multi-
component recipe with at least three components.  
By extending the metallographic strategy for pinpointing the optimum glass 
former within a binary eutectic alloy system to ternary systems, a metallographic strategy 
to pinpoint the optimum glass former within a ternary eutectic alloy system was also 
established. This metallographic strategy was applied to three adjacent eutectic systems, 
τ3(Zr51Cu28Al21)-τ5(Zr38Cu36Al26)-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu, and three 
optimum glass forming alloys (region) were precisely pinpointed. The discovered 
optimum glass forming alloy in the τ3-τ5-ZrCu eutectic system can even form 8 mm bulk 
metallic glass. 
During the implementation of these metallographic strategies, we found that GFA 
has a strong dependency on the alloy composition in both binary and ternary eutectic 
systems. For example, in the binary Cu8Zr3-Cu10Zr7 eutectic system, only Cu64.5Zr35.5 can 
obtain 2 mm fully glass cast rod; deviations of only 0.5 at% caused the appearance of 
crystalline in 2 mm cast rods. Moreover, the 2 mm BMG composite zone (encompassing 
the optimum glass forming composition, Cu64.5Zr35.5) was only from Cu63Zr37 to 
Cu65.5Zr34.5, a mere 2.5 at% range. In the τ3(Zr51Cu28Al21)-τ5(Zr38Cu36Al26)-ZrCu eutectic 
system, 1 at% compositional deviation away from the optimum glass forming alloy, 
Zr48Cu45Al7, decreased the BMG size from 8 mm to 5 mm. This narrow bulk-glass-
forming range and strong composition dependency of GFA explains why our discovered 
binary bulk metallic glasses and ternary bulk metallic glasses were missed before. It also 
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Vit1 BMGs combine higher strength than crystalline metal 
alloys with the elasticity of polymers. (adapted from Ref. 
[11]) 
Figure 2.5.2   Page 28
Calculated phase diagram of Zr-Cu, experimentally 
observed glass forming range of the Zr-Cu alloy system 
and calculated glass forming range of the Zr-Cu alloy 
system under the cooling rate of 107 K/s. (adapted from 
Ref. [74-76]) 
   Page 25Figure 2.5.1 
A simplified binary alloy phase diagram showing the Tg 
and Tl as a function of compositions. (Tg is the glass 
transition temperature, Tm is the onset melting temperature 
and Tl is the liquidus temperature) 
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Critical cooling rates for glass formation of several alloys 
based on Pd, Zr, La, Mg, rare-earth and several inorganic 
glasses as a function of Trg values. (adapted from Ref. 
[57]) 
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Schematic diagram of the apparatus used in some 
laboratories for Bridgman direction solidification. 
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Schematic illustration of high-pressure die casting 
equipment used for bulk metallic glass formation. 
Figure 2.2.1   Page 15
Five groups of BMG forming alloy systems categorized by 
Inoue. ETM and LTM represent the transition metals 
belonging to groups IV-VI and VII-VIII in the periodic 
table respectively. (Adapted from Ref. [10]) 
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Maximum thickness, tmax, of a variety of bulk metallic 
glasses discovered in the last five decades. 
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SEM micrographs showing (a) the transversal cross 
section of 2 mm cast rod of Zr35.5Cu64.5 and (b) the 
featureless morphology of this 2 mm cast rod at high 
magnification. 
Figure 4.1.6   Page 40
SEM micrographs showing the transversal cross section of 
2 mm cast rods of (a) Zr36.5Cu63.5, (b) Zr36Cu66 and the 
morphology of the crystalline “islands” in amorphous 
matrix of 2 mm rods of (c) Zr36.5Cu63.5, (d) Zr36Cu64 at high 
magnification. 
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SEM micrographs showing (a) the transversal cross 
section of 2 mm cast rod of Zr37Cu63 and (b) the 
morphology of the crystalline “islands” in amorphous 
matrix of this 2 mm rod at high magnification. 
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SEM micrographs showing the transversal cross section of 
2 mm cast rods of (a) Zr38.2Cu61.8, (b) Zr37.5Cu62.5 and the 
morphology of the fully crystalline region in the center of 
2 mm rods of (c) Zr38.2Cu61.8, (d) Zr37.5Cu62.5 at high 
magnification. 
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XRD patterns of 2 mm cast rods of Zr38.2Cu61.8, 
Zr37.5Cu62.5, Zr37Cu63, Zr36.5Cu63.5, Zr36Cu64, Zr35.5Cu64.5, 
Zr35Cu65 and Zr34.5Cu65.5. 
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Phase diagram of Zr-Cu. (Adapted from Ref. [89]) Figure 4.1.1   Page 37
Photo of the 8 mm copper mould and crucible in the 
chamber of the LSG-400 arc-melting system. 
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Photo of the 2 mm casting equipment modified from the 
Edmund Buhler D-7400 MAM-1 mini arc melting system. 
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XRD pattern of 5 mm cast rod of alloy 3 (Zr48Cu38Al14). 
(inset: DSC curve of this 5 mm cast rod) 
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DTA melting curves of alloy 6 (Zr52Cu38Al10), and its three 
surrounding alloys, Zr50Cu40Al10, Zr52Cu36Al12 and 
Zr54Cu38Al8. 
Figure 4.2.4   Page 48
DTA melting curves of alloy 47 (Zr45Cu49Al6), and its 
three surrounding alloys, Zr45Cu47Al8, Zr47Cu49Al4 and 
Zr43Cu51Al6. 
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DTA melting curves of Zr48Cu38Al14 (alloy 3) and its three 
surrounding alloys, Zr46Cu38Al16, Zr50Cu36Al14 and 
Zr48Cu40Al12. 
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Experimentally determined liquidus isotherms of the τ3-
Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-ZrCu-Cu10Zr7 systems 
with three corresponding eutectics points found at 
Zr52Cu38Al10 (alloy 6), Zr48Cu38Al14 (alloy 3) and 
Zr45Cu49Al6 (alloy 47) respectively. 
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GFA change of alloys in the Cu8Zr3-Cu10Zr7 binary 
eutectic system. 
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values of ∆Hx (enthalpy of crystallization) of 2 mm cast 
rod as a function of Cu content in the Cu8Zr3-Cu10Zr7 
eutectic system. 
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DSC curves of 2 mm cast rods of Zr35.5Cu64.5, Zr35Cu65 and 
Zr34.5Cu65.5. 
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DSC curves of 2 mm cast rods of Zr38.2Cu61.8, Zr37.5Cu62.5, 
Zr37Cu63, Zr36.5Cu63.5, Zr36Cu64 and Zr35.5Cu64.5. 
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SEM micrographs showing the transversal cross section of 
2 mm cast rods of (a) Zr35Cu65, (b) Zr34.5Cu65.5 and the 
morphology of the crystalline “islands” in amorphous 
matrix of 2 mm rods of (c) Zr35Cu65, (d) Zr34.5Cu65.5 at high 
magnification. 
















XRD patterns of 5 mm cast rods of alloy 11 
(Zr46Cu42Al12), alloy 39 (Zr46Cu44Al10) and alloy 40 
(Zr47Cu45Al8) showing the decrease of the intensity of 
crystalline diffraction peaks from alloy 11 to alloy 40. 
Figure 4.3.8   Page 57
DSC curves of 5 mm cast rods of alloy 8 (Zr50Cu34Al16), 
alloy 2 (Zr50Cu36Al14), alloy 1 (Zr50Cu38Al12), alloy 7 
(Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7). 
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Schematic summarization of the morphology evolution of 
the transversal cross sections of alloys 8, 2, 1, 7 and 55 (5 
mm copper mould casting). 
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SEM micrographs showing (a) the fully crystalline region 
in the central part of 5 mm cast rod of alloy 2 
(Zr50Cu36Al14), (b) the bordering part between the central 
fully crystalline region and the surrounding composite 
region (τ3 distributed in amorphous matrix) of 5 mm cast 
rod of alloy 2, and the composite region (τ3 distributed in 
amorphous matrix) in the central part of 5 mm cast rods of 
(c) alloy 1 (Zr50Cu38Al12), (d) alloy 7 (Zr50Cu40Al10), (e) 
alloy 55 (Zr50Cu43Al7) at high magnification.  
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloy 8 (Zr50Cu34Al16), 
alloy 2 (Zr50Cu36Al14), alloy 1 (Zr50Cu38Al12), alloy 7 
(Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7) macroscopically, 
indicating the increase of volume percentage of amorphous 
phase from alloy 8 to alloy 55. 
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XRD patterns of 5 mm rods of alloy 8 (Zr50Cu34Al16), 
alloy 2 (Zr50Cu36Al14), alloy 1 (Zr50Cu38Al12), alloy 7 
(Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7) showing the 
decrease of the intensity of crystalline diffraction peaks 
from alloy 8 to alloy 55. 
Figure 4.3.3   Page 51
Alloys in the τ3-τ5-ZrCu eutectic system in the present 
study. 

















XRD patterns of 5 mm cast rods of alloys 64 
(Zr49Cu44Al7), 67 (Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 
(Zr48Cu46Al6), showing a typical broad hump without any 
visible crystalline diffraction peaks. 
Figure 4.3.16   Page 64
DSC curves of 5 mm cast rods of alloy 57 (Zr49Cu46Al5) 
and alloy 62 (Zr49Cu47Al4). 
Figure 4.3.15   Page 63
SEM micrographs showing the morphology of the 
crystalline “islands” in the composite region of 5 mm cast 
rods of (a) alloy 57 (Zr49Cu46Al5) and (b) alloy 62 
(Zr49Cu47Al4) at high magnification. 
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloy 57 (Zr49Cu46Al5) 
and alloy 62 (Zr49Cu47Al4) macroscopically, indicating the 
decrease of volume percentage of amorphous phase from 
alloy 57 to alloy 62. 
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XRD patterns of 5 mm cast rods of alloy 57 (Zr49Cu46Al5) 
and alloy 62 (Zr49Cu47Al4). 
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DSC curves of 5 mm cast rods of alloy 11 (Zr46Cu42Al12), 
alloy 39 (Zr46Cu44Al10) and alloy 40 (Zr47Cu45Al8). 
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SEM micrographs showing (a) the fully crystalline region 
in the central part of 5 mm cast rod of alloy 11 
(Zr46Cu42Al12), and the composite region (τ5 distributed in 
amorphous matrix) in the central part of 5 mm cast rods of 
(b) alloy 39 (Zr46Cu44Al10), (c) alloy 40 (Zr47Cu45Al8). 
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloy 11 (Zr46Cu42Al12), 
alloy 39 (Zr46Cu44Al10) and alloy 40 (Zr47Cu45Al8) 
macroscopically, indicating the increase of volume 
percentage of amorphous phase from alloy 11 to alloy 40. 
















SEM micrographs showing (a) the morphology of τ3 
distributed in amorphous matrix of 8 mm cast rod of alloy 
64 at high magnification, (b) the featureless transversal 
cross section morphology of 8 mm cast rod of alloy 67 
macroscopically, (c) the featureless fully amorphous 
morphology of 8 mm cast rod of alloy 67 at high 
magnification and (d) the transversal cross section 
morphology of 8 mm cast rod of alloy 56 macroscopically. 
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XRD patterns of 8 mm cast rods of alloys 64 
(Zr49Cu44Al7), 67 (Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 
(Zr48Cu46Al6), showing that a typical broad hump without 
any visible crystalline diffraction peaks was observed only 
for alloy 67. 
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Schematic summary of the morphology change of the 
transversal cross sections of 5 mm cast rods as the 
composition moved to the 5 mm-glass-composition region 
(alloys 64, 67, 56 and 45). 
Figure 4.3.21   Page 68
Trend in GFA change of alloys in the τ3-τ5-ZrCu eutectic 
system and the discovered 5 mm-glass-composition region 
in this system. (A: Amorphous) 
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DSC curves of 5 mm cast rods of alloys 64 (Zr49Cu44Al7), 
67 (Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 (Zr48Cu46Al6), 
exhibiting a strong crystallization event. 
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SEM micrographs showing a featureless fully amorphous 
morphology of 5 mm cast rods of (a) alloy 64 
(Zr49Cu44Al7), (b) alloy 67 (Zr48Cu45Al7), (c) alloy 56 
(Zr49Cu45Al6) and (d) alloy 45 (Zr48Cu46Al6) under high 
magnification. 
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 64 (Zr49Cu44Al7), 
67 (Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 (Zr48Cu46Al6) 
macroscopically, showing a featureless appearance of 
amorphous phase with no crystalline inclusion under low 
magnification. 


















XRD patterns of 5 mm cast rods of alloys 65 (Zr47Cu49Al4) 
and 66 (Zr46Cu49Al5). 
Figure 4.4.8   Page 78
DSC curves of 5 mm cast rods of alloys 43 (Zr45Cu47Al8) 
and 49 (Zr45Cu48Al7). 
Figure 4.4.7   Page 77
(a) SEM micrographs showing the composite region (τ5 
distributed in amorphous matrix) in the central part of 5 
mm cast rods of alloy 43 (Zr45Cu47Al8) and (b) alloy 49 
(Zr45Cu48Al7) at high magnification.
Figure 4.4.6   Page 77
Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 43 (Zr45Cu47Al8) 
and 49 (Zr45Cu48Al7) macroscopically, indicating the 
increase of volume percentage of amorphous phase from 
alloy 43 to alloy 49. 
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XRD patterns of 5 mm cast rods of alloys 43 (Zr45Cu47Al8) 
and 49 (Zr45Cu48Al7), showing the decrease of the intensity 
of crystalline diffraction peaks from alloy 43 to alloy 49. 
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(a) Optical photo showing about a quarter part of the 
transversal cross section of 5 mm cast rod of alloy 47 
(Zr45Cu49Al6) macroscopically and (b) SEM micrograph 
showing the featureless fully amorphous morphology of 
this 5 mm cast rod at high magnification. 
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XRD pattern of 5 mm cast rod of alloy 47 (Zr45Cu49Al6), 
showing a typical broad hump without any visible 
crystalline diffraction peaks. (inset: DSC curve of this 5 
mm cast rod) 
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Trend in GFA change in the τ5-ZrCu-Cu10Zr7 system and 
the discovered optimum glass former (alloy 47, 5 mm fully 
amorphous) in this system. (A: Amorphous) 



















XRD patterns of 5 mm cast rods of alloys 12 
(Zr54Cu38Al8), 75 (Zr55Cu37Al8) and 14 (Zr56Cu36Al8), 
showing a typical broad hump without any visible 
crystalline diffraction peaks. 
Figure 4.5.2   Page 84
Trend in GFA change in the τ3-Zr2Cu-ZrCu system and the 
discovered optimum glass formers (alloys 12, 75 and 14, 5 
mm fully amorphous) in this system. (A: Amorphous) 
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DSC curves of 5 mm cast rods of alloys 59 (Zr45Cu50Al5) 
and 73 (Zr44Cu51Al5). 
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SEM micrographs showing the morphology of the 
crystalline “islands” in the composite region of 5 mm cast 
rods of (a) alloy 73 (Zr44Cu51Al5) and (b) alloy 59 
(Zr45Cu50Al5) at high magnification.  
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 73 (Zr44Cu51Al5) 
and 59 (Zr45Cu50Al5) macroscopically, indicating the 
increase of volume percentage of amorphous phase from 
alloy 73 to alloy 59. 
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XRD patterns of 5 mm cast rods of alloys 73 (Zr44Cu51Al5) 
and 59 (Zr45Cu50Al5) showing the decrease of the intensity 
of crystalline diffraction peaks from alloy 73 to alloy 59. 
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DSC curves of 5 mm cast rods of alloys 65 (Zr47Cu49Al4) 
and 66 (Zr46Cu49Al5). 
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SEM micrographs showing the morphology of the 
crystalline “islands” in the composite region of 5 mm cast 
rods of (a) alloy 65 (Zr47Cu49Al4) and (b) alloy 66 
(Zr46Cu49Al5) at high magnification.  
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 65 (Zr47Cu49Al4) 
and 66 (Zr46Cu49Al5) macroscopically, indicating the 
increase of volume percentage of amorphous phase from 
alloy 65 to alloy 66. 



















XRD patterns of 5 mm cast rods of alloys 28 (Zr54Cu42Al4) 
and 71 (Zr54Cu40Al6), showing the increase of the intensity 
of crystalline diffraction peaks from alloy 71 to alloy 28. 
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DSC curves of 5 mm cast rods of alloys 10 (Zr54Cu34Al12) 
and 72 (Zr54Cu36Al10). 
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SEM micrographs showing the composite region (τ3 
distributed in amorphous matrix) in the central part of 5 
mm cast rods of (a) alloy 10 (Zr54Cu34Al12) and (b) alloy 
72 (Zr54Cu36Al10) at high magnification.
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 10 (Zr54Cu34Al12) 
and 72 (Zr54Cu36Al10) macroscopically, indicating the 
increase of volume percentage of amorphous phase from 
alloy 10 to 72. 
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XRD patterns of 5 mm cast rods of alloys 10 
(Zr54Cu34Al12) and 72 (Zr54Cu36Al10), showing the 
decrease of the intensity of crystalline diffraction peaks 
from alloy 10 to alloy 72. 
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DSC curves of 5 mm cast rods of alloys 12 (Zr54Cu38Al8), 
75 (Zr55Cu37Al8) and 14 (Zr56Cu36Al8), exhibiting a strong 
crystallization event. 
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SEM micrographs showing the featureless fully 
amorphous morphology of 5 mm cast rods of (a) alloy 12 
(Zr54Cu38Al8), (b) alloy 75 (Zr55Cu37Al8) and (c) alloy 14 
(Zr56Cu36Al8) at high magnification. 
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 12 (Zr54Cu38Al8), 
75 (Zr55Cu37Al8) and 14 (Zr56Cu36Al8) macroscopically, 
showing a featureless appearance of amorphous phase with 
no crystalline inclusion under low magnification. 


















XRD pattern of 5 mm cast rod of alloy 6 (Zr52Cu38Al10). 
(inset: DSC curve of this 5 mm cast rod) 
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DSC curves of 5 mm cast rods of alloys 17 (Zr58Cu36Al6) 
and 20 (Zr60Cu36Al4). 
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SEM micrographs showing the morphology of the fully 
crystalline region in the central part of 5 mm cast rods of 
(a) alloy 17 (Zr58Cu36Al6) and (b) alloy 20 (Zr60Cu36Al4) at 
high magnification. 
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 17 (Zr58Cu36Al6) 
and 20 (Zr60Cu36Al4) macroscopically, indicating the 
decrease of volume percentage of amorphous phase from 
alloy 17 to alloy 20. 
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XRD patterns of 5 mm cast rods of alloys 17 (Zr58Cu36Al6) 
and 20 (Zr60Cu36Al4), showing the increase of the intensity 
of crystalline diffraction peaks from alloy 17 to alloy 20. 
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DSC curves of 5 mm cast rods of alloys 28 (Zr54Cu42Al4) 
and 71 (Zr54Cu40Al6). 
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SEM micrographs showing the morphology of the 
crystalline “islands” in the composite region of 5 mm cast 
rods of (a) alloy 71 (Zr54Cu40Al6) and (b) alloy 28 
(Zr54Cu42Al4) at high magnification. 
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Optical photos of about a quarter part of the transversal 
cross section of 5 mm cast rods of alloys 28 (Zr54Cu42Al4) 
and 71 (Zr54Cu40Al6) macroscopically, indicating the 
decrease of volume percentage of amorphous phase from 
alloy 71 to alloy 28. 
















Schematic diagrams showing (a) glass forming zone and 
glass matrix composite zones in a binary eutectic system, 
(b) cross section of a casting mould with an appropriate 
size and a cast sample inside resulting in a range of 
cooling rate ( 1T  to 4T ), (c) microstructure evolution of the 
cast samples with the change of compositions ( 1Cα ,
2Cα , Cgl, 
2Cβ ,
1Cβ ). 
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1Cβ and Cgl ) under the same range of cooling 
rate ( 1T  to 4T ) resulting in fully glass or glass matrix 
composites. (T is cooling rate) 
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Calculated optimum glass forming zone and 
experimentally observed optimum glass former in the 
Cu8Zr3-Cu10Zr7 system. 
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Linear fit of the liquidus line on the two sides of the 
eutectic point (Zr38.2Cu61.8) in the binary Cu8Zr3-Cu10Zr7 
eutectic system. 
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Schematic diagrams showing (a) glass forming zone and 
glass matrix composite zones with a symmetrical eutectic 
coupled zone, (b) glass forming zone and glass matrix 
composite zones with a skewed eutectic coupled zone. (T  
is cooling rate and C is composition) 
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(a) Part of the phase diagram of the Cu8Zr3-Cu10Zr7 
system, and plot of the values of Tg and Tx; (b) plot of the 
volume percentage of glass phase in 2 mm cast rods and 
the values of Trg (Tg/Tl) and ∆Tx (Tx-Tg). 
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(a) Optical photo showing about a quarter part of the 
transversal cross section of 5 mm cast rod of alloy 6 
(Zr52Cu38Al10) macroscopically, (b) SEM micrograph 
showing the composite region (τ3 distributed in amorphous 
matrix) in the central part of 5 mm cast rod of alloy 6 at 
high magnification.
















Positions of Line 1 and Line 2, along which approximate 
critical sizes of fully glass formation versus compositions, 
and values of Trg and ∆Tx versus compositions are shown 
in Figures 5.3.6 and 5.3.7. 
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Representations of 2 mm, 5 mm and 8 mm full glass 
forming range (black lines) and isolines of ∆Tx values (blue 
lines) of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-ZrCu-
Cu10Zr7 eutectic systems, showing ∆Tx values cannot 
indicate the GFA change in these three eutectic systems. 
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forming range (black lines) and isolines of Trg values (red 
lines) of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-ZrCu-
Cu10Zr7 eutectic systems, showing Trg values cannot 
indicate the GFA change in these three eutectic systems. 
Figure 5.3.3   Page 116
Tx and Tl isotherms of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and 
τ5-ZrCu-Cu10Zr7 eutectic systems.
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Tg and Tl isotherms of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and 
τ5-ZrCu-Cu10Zr7 eutectic systems.
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Schematic diagram showing the 2 mm fully glass forming 
zone and 2 mm glass matrix composite forming zones 
(glass + Cu8Zr3, glass + Cu10Zr7) in the Cu8Zr3-Cu10Zr7 
eutectic system. (A: Amorphous). 
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Morphological change of 2 mm cast rods from Zr37Cu63 to 
Zr34.5Cu65.5: the switch of the primary phase in glass matrix 
(from Cu10Zr7 in Zr36Cu64 to Cu8Zr3 of Zr35Cu65) 
encompasses the optimum glass former (Zr35.5Cu64.5). (a) 
and (b) The XRD patterns of Zr37Cu63 and Zr34.5Cu65.5. (c) 
to (g) The cross section of Zr37Cu63, Zr36Cu64, Zr35.5Cu64.5, 
Zr35Cu65 and Zr34.5Cu65.5, (h) and (i) The morphology of 
Cu10Zr7 phase in Zr36Cu64 and Cu8Zr3 phase in Zr35Cu65 
under high magnification. 
















Fully glass forming zones superimposed on the ternary 
phase diagram showing the composition regions of 2 and 5 
mm full glass formation in the three eutectics. The dashed 
line shows the ∆Tx isotherm from ref. [82]. A: 
Zr65Cu27.5Al7.5, B: Zr60Cu30Al10, C: Zr45Cu50Al5, D: 
Zr50Cu40Al10, E: Zr47Cu46Al7.
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Schematic diagrams showing (a) cross section of a casting 
mould with an appropriate size and a cast sample inside 
resulting in a range of cooling rate above the critical 
cooling rate for fully glass forming in the ternary alloy 
system (T is cooling rate), (b) microstructure evolution of 
the cast samples with the change of compositions from 
region 3a, region 3b and region 3c to region 1 in Figure 
5.4.3. 
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approximate critical sizes of fully glass formation versus 
compositions along Line 1 in Figure 5.3.5. 


















Morphological change of 5 mm cast rods in the τ3-Zr2Cu-
ZrCu system: (a) The optimum glass forming region is at 
the junction where the two composite (primary phase τ3, 
ZrCu in glass matrix) zones meet. (b) The XRD patterns of 
alloys 10, 75, 28 and 20. (c) The morphology of τ3 in glass 
matrix under high magnification. (d) to (j) A quarter of the 
cross section of alloys 10, 72, 75, 17, 20, 71 and 28. 
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Cu10Zr7 system: (a) The optimum glass forming 
composition is at the junction where the three composite 
(primary phase τ5, ZrCu or Cu10Zr7 in glass matrix) zones 
meet. (b) The XRD patterns of alloys 43, 47, 73 and 65. (c) 
The morphology of τ5 in glass matrix under high 
magnification. (d) to (j) A quarter of the cross section of 
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Morphological change of 5 mm cast rods in the τ3-τ5-ZrCu 
system:  (a) The optimum glass forming region is at the 
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Chapter 1 Introduction 
 
Metallic glasses were first discovered nearly fifty years ago when a rapid quenching 
technique was first applied to liquid Au75Si25 alloy by Duwez et al..1,2 Since then, a great 
number of metallic glasses have been found. However, conventional metallic glasses, 
which usually require a cooling rate as high as 106 K/s for glass formation, can be 
produced only in the form of ribbon, flake and powder with sizes less than 100 µm at 
least in one dimension. This limits the application of metallic glasses as engineering 
materials. 
In the early 1970s, Chen for the first time prepared fully amorphous metallic glass 
rods with 1-3 mm in diameter and several centimeters in length in Pd and Pt based alloys 
by water quenching method.3 The successful synthesis of these earliest bulk metallic 
glasses (BMGs) opened the door for the rapid development of BMGs in the last four 
decades. During the last two decades, Inoue et al. and Johnson et al. have develop a 
number of multi-component bulk metallic glasses in the systems like Ln-Al-TM (Ln= 
Lanthanide metal, TM=transition metal),4-6 Mg-TM-Y,7,8 and Zr-Ti-Cu-Ni-Be9 with 
excellent glass forming ability (GFA) and section thickness up to three centimeters.9 It 
has been shown that these bulk metallic glasses require a critical cooling rate for glass 
formation as low as 1.2 K/s.9 They also exhibit high thermal stability in the undercooled 
liquid region and have unique mechanical, chemical and physical properties. They are 
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believed to have considerable potential as advanced engineering materials and thus have 
attracted increasing academic and engineering interests. 
Among all the alloys studied to develop BMGs, Zr based alloys have become the 
most successful and promising for the discovery and application of BMGs. The 
representative is Zr41.2Ti13.8Cu12.5Ni10Be22.5 alloy, which has already been put into 
commercial use and become known as Vitreloy 1 (Vit1). GFA of this alloy is so high that 
it can be frozen into an amorphous phase even at a cooling rate of 1.2 K/s9 and cast in the 
form of fully glassy rods with a diameter of three centimeters.10 In addition to high GFA, 
it has also been observed that Zr based Vit1 BMG exhibits combination of good 
mechanical properties, which cannot be obtained for conventional crystalline alloys. 
However, although Vit1 BMG has such excellent GFA and mechanical properties, their 
industrial manufacturing and commercial use have been seriously limited, because Vit1 
contains highly toxic and harmful beryllium. Thus, the discovery of new Zr based BMGs, 
which do not contain beryllium and meanwhile have high GFA, has become the focus of 
the development of Zr based BMGs and this is also one of the aims of this project. 
The present work was motivated by a second interest, i.e. finding a practical 
strategy to pinpoint the alloy composition with the optimum GFA within an alloy system.  
Based on the study of those discovered BMGs with high GFA in the last four 
decades, several empirical criteria for selecting alloy systems with right combination of 
constituent elements to find alloys with high GFA have been proposed.10,11 They are: (1) 
multi-component systems consisting three or more elements; (2) significant difference in 
atomic sizes larger than 12% among main constituent elements; (3) negative heats of 
mixing among main constituent elements; (4) deep eutectic systems. These empirical 
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criteria have been successful in finding the promising alloy systems for the discovery of 
BMGs in the large amount of alloy systems.  
However, after fixing the constituent elements of the multi-component alloy 
system through the above empirical criteria, the great number of compositions in the 
system often makes the discovery of composition with optimum GFA difficult. To solve 
this problem, some scaling parameters have been proposed to predicate GFA of alloys. 
The most popular of them are values of Trg and ∆Tx (Trg = Tg/Tl, ∆Tx = Tx-Tg, Tg is the 
glass transition temperature, Tx is the crystallization temperature and Tl is the liquidus 
temperature).4,12 However, these GFA scaling parameters, including values of Trg and 
∆Tx, have often been found to have no correlation with GFA of studied alloys. In other 
words, the way to pinpoint the alloy composition with the optimum GFA within an alloy 
system still remains unclear. In 2003, in terms of the principle of competition between 
formation/growth of glass and crystalline phases, Tan et al. successfully explained why in 
La100-x[Al0.412(Cu,Ni)0.588]x (x = 30-56.3) alloy system, an off-eutectic alloy had a much 
lower Trg value, but a much higher GFA than the eutectic alloy.13 Tan’s work has shown 
that for the undercooled liquid, GFA may be related to the competition of 
formation/growth of glass and crystalline phases more than the nucleation rate of 
crystalline phases. In this project, based on this principle, metallographic strategies to 
pinpoint the optimum glass former within binary and ternary eutectic alloy systems will 
be established and these strategies will also be confirmed by their successful 
implementation. 
The results are presented in Chapter 4 and consist of three parts. The first one, 
given in Section 4.1, shows the GFA change of the studied Zr-Cu alloys in the Cu8Zr3-
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Cu10Zr7 binary eutectic system. The second one, given in Section 4.2, shows the results of 
the DTA analysis in the τ3(Zr51Cu28Al21)-τ5(Zr38Cu36Al26)-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-
Zr2Cu-ZrCu systems. The last one, from Section 4.3 to Section 4.5, shows the GFA 
change of the studied Zr-Cu-Al alloys in the τ3(Zr51Cu28Al21)-τ5(Zr38Cu36Al26)-ZrCu, τ5-
ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu ternary eutectic systems. The reason to focus on 
ternary systems is mainly that ternary system is the simplest multi-component system and 
the further greatest GFA optimization in a quaternary system can only be obtained when 
the ternary base system has been fully studied. 
Discussion is presented in Chapter 5. In this chapter, based on the principle of the 
competition of the formation/growth of glass and crystalline phases, practical 
metallographic strategies to pinpoint the optimum glass former within binary and ternary 
eutectic alloy systems are established. Moreover, these metallographic strategies are 
confirmed by their successful implementation in pinpointing the optimum glass formers 
in the Cu8Zr3-Cu10Zr7, τ3-τ5-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu systems 
respectively. In addition, the correlation between those previously used GFA scaling 
parameters, such as Trg and ∆Tx, and GFA of our studied Zr-Cu(-Al) alloys is also 











Chapter 2 Literature Review 
 
2.1 Development and property of bulk metallic glasses 
2.1.1 Development of bulk metallic glasses 
In 1960, Duwez and his co-workers for the first time found metallic glass formation in 
Au75Si25 using a "gun” technique (Figure 2.1.1).1,2 This metallic glass was synthesized by 
rapidly quenching from 1570 K to ambient temperature at a cooling rate of 105∼106 K/s. 
Since then, metallic glasses have drawn increasing attention of scientists and led to 
intensive research and great development. Turnbull, Chen and other co-workers14,15 
demonstrated the existence of a glass transition in rapidly quenched Pd-Si and Pd-Cu-Si 
alloys, which was similar to the glass transitions of ceramic glasses, silicates and polymer 
materials. These results were in line with Turnbull’s earlier theoretical study about the 
glass transition in metallic glasses.16,17 During 1960s, two methods, namely, melt-
spinning technique and splat quenching technique, were commonly used for the synthesis 
of metallic glasses and since the critical cooling rate for glass formation, Rc, was very 
high (usually about 106 K/s), at least one dimension of resulting samples was limited to 
the order of ten micrometers. As a result, metallic glass samples were usually in the form 
of ribbon, wire and flake as well as powder, but bulk samples with three dimension sizes 
larger than 1 mm were not attainable.  
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Figure 2.1.1 Gun technique of Duwez for rapid solidification of melts. 
 
In early 1970s, Chen first prepared fully amorphous rods with 1-3 mm in diameter 
and several centimeters in length in Pd and Pt based alloys by water quenching.3 These 
glasses were the first examples of bulk metallic glasses if one arbitrarily defined the 
millimeter scale as “bulk”. Since then, the successful synthesis of bulk metallic glass has 
brought up a bright future to this kind of metallic material and attracted great academic 
and engineering interests. Naka et al. reported a bulk glass formation of 0.9 mm in 
diameter in Pd77.5Cu6Si16.5 by water quenching using quartz tubing.18 Using Bridgman 
solidification, an amorphous ingot with dimension of 0.75 mm in diameter and 100 mm 
in length was produced in Pd78Cu4Si18 and Pd77Cu6Si17 alloys by Boettinger.19 In 1981, 
Steinberg et al.  used a low-gravity tube of 32 m long to suppress the heterogeneous 
nucleation.20 They were able to produce amorphous spheres of 1.5 mm in diameter in 















mm by quenching the melt directly into either liquid N2 or methanol chilled to -98°C was 
reported in 1982.21 By subjecting the alloy to a succession of chemical etching treatments 
alternating with heating in vacuum to temperature well above the liquids, an ingot up to 6 
mm in diameter was slowly cooled to form glass by Drehman et al. with 0.5% crystalline 
inclusion in Pd40Ni40P20 alloy in 1982.22 Alternatively, by immersing the ingot in a 
molten B2O3 oxide flux, which also removed heterogeneous nucleation site, Kui et al. 
obtained a 10 mm thick amorphous ingot in Pd40Ni40P20 alloy in 1984.23 Formation of 
bulk metallic glasses in Pd based alloys by melt ejection into water24 and by cooling 
under high pressure25 has also been reported. However, most of the above alloys are 
based on expensive Pd, which has limited their industrial applications.  
In late 1980s, Inoue and his collaborators started to extensively study the 
amorphous alloys containing rare-earth elements.26 They found exceptional glass forming 
ability in rare-earth-rich alloys such as La-Al-Ni4 and La-Al-Cu.5 By casting molten 
alloys into copper molds, fully amorphous alloy rods with several millimeters in 
thickness were obtained. Further studies led to La55Al25Ni10Cu5Co5 alloy that formed 
bulk metallic glass with a diameter of 9 mm by high pressure die casting6 and 
La63.1Al15.2Cu10.75,Ni10.75 alloy that formed bulk metallic glass with a diameter of 12 mm 
by chill casting.13 Meanwhile, Mg-based bulk metallic glasses, such as Mg-Y-Cu (7 
mm),7 Mg-Y-Ni (7 mm),8 and Zr based bulk metallic glasses, e.g, Zr-Cu-Ni-Al (16 
mm),27 were also developed.  
During the last decade, the maximum thickness of bulk metallic glasses, tmax, 
increased rapidly compared with 1980s and early 1990s. By partial replacement of Ni 
with 30 at% Cu in Pd40Ni40P20 alloy, the size of 72 mm for fully glass formation, which is 
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the largest size of bulk metallic glasses reported so far, was achieved at a critical cooling 
rate of about 0.1 K/s.28 Johnson and Peker at Caltech developed a family of Zr based bulk 
metallic glasses with excellent glass forming ability.29 One of them is the pentary alloy, 
Zr41.2Be22.5Ti13.8Cu12.5Ni10, which can be frozen into an amorphous phase at a cooling rate 
of 1.2 K/s.9 This alloy became known as Vitreloy 1 (Vit1), the first commercial BMG. 
Moreover, over the last decade, bulk glass formation was also reported in alloy systems, 
such as alloys based on Cu,30 Ti,31 Fe,32,33 Nd,34,35 Pr,35 and Ni.36 But their critical sizes 
for glass formation were generally smaller than those of Zr and Pd based bulk metallic 
glasses. 
Table 2.1 summarizes bulk metallic glass alloys with critical size bigger than 10 
mm.37 Figure 2.1.2 shows the maximum thickness, tmax, of a variety of bulk metallic 
glasses discovered in the last five decades.  
Inoue also divided BMG forming alloy systems into five groups,10 as summarized 
in Figure 2.1.3. The first group (I) consists of early transition metals (ETM) (or Ln, Ln= 
Lanthanide metal), Al and late transition metals (LTM) as exemplified by Zr-Al-Ni and 
Ln-Al-Ni systems. The second group (II) is composed of LTM, ETM and metalloid as 
indicated by Fe-Zr-B and Co-Nb-B systems. The third group (III) is LTM (Fe)-(Al, Ga)-
metalloid systems and the fourth group (IV) is indicated by Mg-Ln-LTM and ETM (Zr, 
Ti)-Be-LTM systems. The fifth group (V) is composed of LTM and metalloid, e.g. Pd-








Table 2.1 Summary of Bulk Metallic Glass Alloys with critical size bigger that 10 mm. 
(Adapted from Ref. [37]) 
 
 
System Alloy Critical Size (mm) Method Year 
Pd40Ni40P20 10 Fluxing 198423 
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Figure 2.1.2 Maximum thickness, tmax, of a variety of bulk metallic glasses discovered in 




Figure 2.1.3 Five groups of BMG forming alloy systems categorized by Inoue. ETM and 
LTM represent the transition metals belonging to groups IV-VI and VII-VIII in the 

















2.1.2 Properties of bulk Metallic Glasses 
Bulk metallic glass distinguishes itself from conventional metals by the fact that its 
atomic configuration has no long-range atomic order. Due to this special atomic 
configuration, bulk metallic glass exhibits unique mechanical, physical and corrosion 
behaviours. 
In the tightly packed glassy structure, the displacement of atoms (e.g. to 
accommodate a dislocation) is obstructed. A bulk metallic glass, therefore, absorbs less 
energy upon stress-induced deformation through damping and returns more by 
rebounding elastically to its initial shape. With no crystal defects, Vit1 
(Zr41.2Ti13.8Cu12.5Ni10Be22.5) BMG exhibits excellent mechanical properties.11 Vit1’s 
strength is double that of stainless steel, but Vit1 is lighter compared with stainless steel; 
Vit1’s hardness is as high as surface coating; Vit1 is also more fracture resistant than 
ceramics; moreover, Vit1 has an elastic strain limit comparable with that of polymer. 
Bulk metallic glasses are also more resistant to chemical attack such as corrosion 
than are polycrystalline metals. Polycrystalline metals are usually most reactive at grain 
boundaries and at surface sites of high energy, e.g. at the sites of emergent dislocations or 
other defects. Since bulk metallic glass does not contain grain boundaries or dislocations, 
they are less reactive chemically. 
Certain bulk metallic glasses behave as very soft magnetic materials. For 
example, cobalt and iron-containing bulk metallic glasses have low coercivity and can be 
easily magnetized and demagnetized.10 This property can also be attributed to the absence 
of grain boundaries in the bulk metallic glass. 
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Since bulk metallic glasses have exceptional physical, chemical and mechanical 
properties that are not attainable in conventional commercial materials, one can expect 
that BMGs will become a brand new type of engineering materials in the near future. 




Table 2.2 Summary of bulk metallic glass’s application and expected application in the 
future. (adapted from Ref. [10]) 
 
 
Fundamental characteristic Application field 
High strength, high hardness, high 
fracture toughness, high impact fracture 
energy, high fatigue strength, high elastic 
energy and high wear resistance 
Various structural and tooling materials 
High corrosion resistance Corrosion resistant materials 
Good soft magnetism Soft magnetic materials 
High magnetostriction High magnetostrictive materials 






2.2 Practical methods of preparing bulk metallic glasses  
Conventional metallic glasses with poor glass forming ability have to be formed by rapid 
solidification to suppress the crystallization in the undercooled region. Therefore, the 
non-conventional solidification methods, such as melt-spinning and splat quenching 
technique, which offer a cooling rate of about 106 K/s and can prevent crystallization 
effectively, are essential for the production of these metallic glasses. 
Unlike rapid solidification methods for the synthesis of conventional metallic 
glasses mentioned above, conventional cooling methods, such as water quenching and 
casting, have been employed for the fabrication of bulk metallic glasses with a diameter 
up to several centimeters. The reason is that these bulk metallic glasses have high glass 
forming ability and therefore, require a relatively low cooling rate (usually below 100 
K/s) for glass formation. In this section several methods commonly employed for bulk 
metallic glass synthesis are briefly reviewed. 
 
2.2.1 Water quenching 
Water quenching method is one of the most frequently used methods for the fabrication 
of bulk metallic glasses. In this method, quartz tube containing the molten alloy is 
quenched directly into water. The first bulk metallic glass was formed in a Pd based alloy 
by water quenching.3 The largest bulk metallic glass reported so far with a diameter of 72 
mm was prepared by water quenching of Pd40Cu30Ni10P20 alloy.28 
Compared with other synthesis methods, water quenching method is simple and 
convenient without the requirement of special equipment. However, it cannot be used for 
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any alloy that is reactive with the quartz tube, for example, Mg based alloys. In addition, 
usually, the shape of the bulk metallic glasses obtained through this method has to be in 
cylindrical form. 
 
2.2.2 Casting method  
Casting is one of the oldest conventional metallurgical methods for mass production of 
alloys in industry fields. This technique has been used for the synthesis of a variety of 
bulk metallic glasses. There are three types of casting methods involved. They are chill 
casting, high-pressure die casting and suction casting. The resultant bulk metallic glasses 
always have smooth outer surface and good metallic luster. 
(a) Chill casting method 
During chill casting, molten alloys are directly cast into a copper mold with various 
dimensions and shapes, such as circular or rectangular. The copper mold takes away the 
heat of the molten alloy and quenches it into glassy phase. To increase the cooling ability, 
the copper mold is usually cooled by water. A variety of bulk metallic glasses, e.g. 
Mg65Ni20Nd15 and Nd60Al15Co10Cu10Fe5, have been synthesized by this method which is 
usually carried out in a closed chamber with protective atmosphere.34,48 
(b) High-pressure die casting method 
High-pressure die casting method is developed from chill casting method to achieve a 
higher cooling rate. Figure 2.2.1 is a schematic illustration of the high-pressure die 
casting equipment. The alloy is first melted in the sleeve in an argon atmosphere using a 
high frequency induction coil and then cast into a copper mold by pushing the plunger at 
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a high speed to inject the molten alloy into the copper mold, which is usually cooled by 
water. 
 
Figure 2.2.1 Schematic illustration of high-pressure die casting equipment used for bulk 
metallic glass formation. 
 
Because of processing time as short as several milliseconds and good surface 
contact between the molten alloy and the copper mold as well as fast injection speed, 
significant quenching effect can be achieved with a high production rate. For this method, 
a larger size is attainable for bulk metallic glasses compared to the conventional chill 
casting method. For example, a cylinder of 7 mm in diameter is obtained for the 
Mg65Cu25Y10 metallic glass by high-pressure die casting method, much larger than 4 mm 
by chill casting method.7 Fully amorphous La55Al25Ni10Cu10 and La55Al25Cu10Ni5Co5 
cylinders with a diameter of 9 mm have been prepared by the high-pressure die casting 
method.6 This method is a potential alternative for industrially mass production of 











(c) Suction casting method 
Analogous to the high-pressure die mode casting method, an alloy ingot is melted on a 
copper hearth in an argon atmosphere and then cast into a copper mold by withdrawing 
the piston at a high speed. The cooling rate achieved by this method is even higher than 
that by high-pressure die-casting.49 The glassy cylinder with a diameter of 12 mm has 
been synthesized for Nd12Fe30Al10 alloy by this method.50 
 
2.2.3. Bridgman solidification technique 
All the methods described above are a batch-type processing and cannot be used to 
produce continuously long bulk metallic glasses. With the development of unidirectional 
solidification technique, the production of continuous bulk amorphous alloys has been 
made possible. Bridgman solidification is one of the fundamental unidirectional 
processes. Figure 2.2.2 is the schematic diagram of the apparatus used in some 
laboratories for Bridgman direction solidification. During such solidification procedure, 
the alloy contained in a quartz tube or a ceramic tube is melted by an induction coil and 
the molten alloy is subsequently quenched by moving the tube into a water bath at a fixed 
withdrawal rate. This method allows for the easy control of the cooling rate applied to the 
molten alloy, since the withdrawal rate and the temperature gradient can be readily 
controlled. By using this technique, bulk metallic glass of 0.75 mm in diameter and over 
100 mm long has been obtained in Pd-Cu-Si alloys.19 This method can also be used to 
determine the cooling rate for glass formation. For example, the critical cooling rate for 




Figure 2.2.2 Schematic diagram of the apparatus used in some laboratories for Bridgman 
direction solidification. 
 
2.3 Scaling parameters for glass forming ability 
Besides the production method, high glass forming ability is also the essential factor for 
bulk metallic glass formation. When the production method is fixed, the key to develop a 
new bulk metallic glass is actually to discover a new alloy with high glass forming ability 
(GFA).  
GFA can manifest itself by the critical cooling rate, Rc, for glass formation. 
However, only a few of these cooling rate had been reported so far and the measurement 
were usually not convenient.48,52,53 The theoretical approach for Rc proposed by Uhlmann 
requires prior knowledge of a great number of parameters as well as information of the 
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viscosity over a wide range of temperature, which are too difficult or impossible to 
measure. Thus, based on the research results of the thermal properties of those bulk 
metallic glasses discovered in recently three decades, some scaling parameters have been 
proposed to predicate GFA of alloys. The two most widely used parameters are briefly 
reviewed in this section. 
 
2.3.1 Reduced glass transition temperature Trg 
The reduced glass transition temperature Trg, defined by Tg/Tl (Tg is the glass transition 
temperature and Tl is the liquidus temperature), is one of the widely used parameters for 
predicating GFA. Trg criterion was firstly proposed by Turnbull in 1969.12 Based on the 
assumption that as long as nucleation of crystals (at a rate of 10-6/cm3s) is avoided, a 
glass will be formed and whereas, once the nucleation rate is higher than 10-6/cm3s, the 
resulting alloy will be fully crystalline, Turnbull proposed that GFA should increase with 
value of reduced glass transition temperature Trg, as the homogeneous nucleation of 
crystals in the undercooled melt should become more sluggish with the increase of value 
of Trg.12 Later work of Uhlmann, Davis and others on the crystal nucleation further 
identified Trg as an important parameter in predicating GFA of alloys.54-56 It was 
concluded that the homogeneous nucleation in the undercooled melt becomes very 
difficult if Trg reaches a value of about 2/3 or larger. Thus, bulk metallic glass formation 
can be expected if the metallic melt possesses such high Trg values. Figure 2.3.1 shows 
the critical cooling rates of glass formation (Rc) of several alloys based on Pd, Zr, La, 
Mg, rare-earth and several inorganic glasses as a function of their Trg (Tg/Tl) values.57 
There is an obvious tendency that high values of Trg accompany small values of Rc. 
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Figure 2.3.1 Critical cooling rates for glass formation of several alloys based on Pd, Zr, 
La, Mg, rare-earth and several inorganic glasses as a function of Trg values. (adapted from 
Ref. [57]) 
 
Figure 2.3.2 is a sketch showing the Tg and Tl as a function of compositions in a 
simplified binary alloy phase diagram. As shown in Figure 2.3.2, generally, in a eutectic 
alloy system, as the alloy composition approaches a eutectic point, Tl often decreases 
rapidly whereas Tg varies little compared with the change of Tl. Thus, the interval 
between Tl and Tg generally decreases and the value of Trg increases, i.e. according to Trg 
criterion, the glass forming ability increases with composition moving closer to a eutectic 
point. In other words, in a eutectic alloy system, the glass formation should be easier at 
the composition around the eutectic point due to its low Tl and high Trg values. This 
empirical conclusion drawn from Trg criterion has already been accepted as a guide to 
find the alloys possessing high GFA. 
 
Tg/Tl 














   C 
Figure 2.3.2 A simplified binary alloy phase diagram showing the Tg and Tl as a function 
of compositions. (Tg is the glass transition temperature, Tm is the onset melting 
temperature and Tl is the liquidus temperature) 
 
2.3.2 Extent of undercooled liquid region ∆Tx 
In late 1980s, Inoue4 found that most of their multi-component BMGs had large extent of 
undercooled liquid region, ∆Tx, which is defined by (Tx-Tg). Here, Tx is the crystallization 
temperature and Tg is the glass transition temperature. Since then, the extent of 
undercooled liquid region, which gives an indication of the devitrification tendency of an 
undercooled glass when heated above Tg and is generally regarded as a measurement of 




2.3.3 Failure of GFA scaling parameters 
Although these GFA indicators sometimes are useful for correlating experimental data, 
their success is actually limited. In many cases, they cannot predict GFA correctly. For 
example, Waniuk et al.58 confirmed that the Trg value correlated well with GFA in Zr-Ti-
Cu-Ni-Be alloys whereas the undercooled liquid region, ∆Tx, had no relationship with 
GFA in the least; the alloy with the largest ∆Tx value was actually the poorest glass 
former in the system. On the other hand, it was found that the Trg value had not been 
reliable enough to infer relative GFA in Pd40Ni40-xFexP20 (20 ≥ x ≥ 0)59 and Fe-
(Co,Cr,Mo,Ga,Sb)-P-B-C60 alloy systems. On the contrary, the ∆Tx value was claimed to 
be a reliable and useful gauge for the optimization of bulk metallic formation in these 
alloy systems. Moreover, in La-Al-Ni-Cu alloy system, it was found that neither Trg nor 
∆Tx predicted the optimum glass formation alloy.13 
 
2.4 Empirical rules to discover alloy systems forming BMGs 
There are a large number of alloy systems and it has also been observed that not all of 
them are promising for the discovery of bulk metallic glasses, because the tendency to 
form amorphous phase (glass forming ability) in these alloy systems is different. 
Therefore, optimization of the constituent elements of the alloy system beforehand is also 
a key to discover and develop bulk metallic glasses with high glass forming ability.  
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2.4.1 Thermodynamics consideration 
Bulk metallic glasses naturally exhibit a weak tendency for crystallization, i.e., low 
driving force for crystallization. The Gibbs free energy of the undercooled liquid with 
respect to the crystal, ∆Gl-x(T), can be calculated by integrating the specific heat capacity 
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Where ∆Hf and ∆Sf are the enthalpy of fusion and entropy of fusion, respectively, at the 
temperature T0. T0 is the temperature where the Gibbs free energy of the crystal is equal 
to the Gibbs free energy of the liquid. -l xpc∆  is the difference in specific heat capacity 
between liquid and solid. Smaller ∆Gl-x will be obtained in the case of low ∆Hf and high 
∆Sf. Bulk metallic glasses are usually multiple components, which will lead to the 
increase in ∆Sf (the confusion principle62). The increase in ∆Sf also causes the increase in 
the degree of dense random packing which is favorable for the decrease in ∆Hf. This will 
cause the decrease in both the homogeneous nucleation rate and growth rate of crystalline 
phase. The free energy at a constant temperature also decreases in the cases of low 
chemical potential caused by the low enthalpy and high reduced glass transition 
temperature as well as of large interface energy between liquid and solid phases.3,8 
 
2.4.2 Kinetics consideration 
In the framework of homogeneous nucleation and growth theory from liquid, the 
dominant factors in a constant supercooled state are (1) viscosity; (2) liquid/solid 
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interface energy and (3) the size of a crystalline nucleus. It has been described that the 
liquid/solid interface energy is increased with the packing density resulting from the 
constituent elements with significant different atomic sizes and large negative enthalpy of 
mixing. Furthermore, if the crystalline phase has a composition very different from that 
of liquid, the nucleation and consequent crystallization becomes difficult. For higher-
order multi-component systems, this nucleation-crystallization process will be even more 
difficult. As such, the crystallization process of the multi-component undercooled liquid 
will tend to be more sluggish than for simpler systems. The multi-component alloys may 
thus exhibit better glass forming ability.12,55,63 
 
2.4.3 Structure consideration 
It is very apparent now that bulk glass formation can be found in multi-component metal 
alloys with large differences in atomic sizes. Significant difference in the atomic sizes is 
expected to cause the increase of packing density in the supercooled liquid which enables 
the achievement of a large liquid/solid interfacial energy.3,8 The increase in the interfacial 
energy causes the decrease in the homogeneous nucleation rate and crystal growth rate, 
leading to the increase in glass forming ability.  
 
The recent reported large glass formers are all multi-component, they are at least ternary 
systems with different atomic sizes. Large glass forming alloys were found in La-Al-Ni64 
and Zr-Ni-Al65 alloys. The elements in these alloys systems have large differences in 
atomic sizes, e.g., the atomic radii of Mg, Cu and Y elements are 0.160, 0.126 and 0.182 
nm respectively, hence the difference in atomic size ratios is more than 12%.66 Further 
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addition of more elements in the alloy leads to increase in thickness of glass forming. For 
example, the critical size for glass increased from 3 mm for La55Al25Ni20 alloy to 5 mm 
for La55Al25Ni10Cu10 when a forth element of Cu was added to partially replace Ni.6 This 
size was increased further to 9 mm for La55Al25Cu10Ni5Co5 alloy when a fifth element of 
Co was added to partially replace Ni.6 Similar results were found in other alloys 
systems.67 The reason for these size increases is believed to be due to the fact that the 
addition of these elements causes a further increase in packing density. The replacement 
of Al by B for Zr65Cu27.5Al7.5-xBx amorphous alloys was found to cause an extension of 
the supercooled liquid region before crystallization.68,69 Extension of supercooled liquid 
region is expected to increase the glass forming ability. Similar effects were also found 
for C and B additions in other alloys.68,69 
In short, multiplication of constituent elements with different atomic sizes and 
large negative heats of mixing causes the more optimum packing and bonding state as 
well as increases the difficulty of redistributing the constituent elements.70 
Inoue once proposed that most BMGs system follow three empirical rules of10,71,72 
1. Multi-component alloy systems consisting of more than three components; 
2. Significantly different atomic size ratios above about 12% among the main 
three constituent elements; 
3. Large negative heats of mixing among the main three constituent 
elements. 




2.5 Glass formation in Zr based alloys 
Among the many metal-metal binary alloys, Zr based alloys, especially Zr-Cu binary 
alloys, have been known for their relative ease of glass formation. As early as 1980s, Zr-
Cu alloys were found forming glass by melt-spinning technique over a wide range of 
compositions.73-76 Figure 2.5.1 shows the calculated phase diagram of Zr-Cu and the 
experimentally observed glass forming range in Zr-Cu alloy system in 1984.74,75 In 1988, 
Sauders calculated the glass forming range of Zr-Cu alloy system under the cooling rate 
of 107 K/s, which is also shown in Figure 2.5.1.76 Extensive studies have also been made 
and reported on the crystallization behavior of Zr-Cu glasses77-81 and the glass transition 
has been reported clearly shown on the DSC curves for all Zr-Cu glasses. 
 
 
Figure 2.5.1 Calculated phase diagram of Zr-Cu, experimentally observed glass forming 
range of the Zr-Cu alloy system and calculated glass forming range of the Zr-Cu alloy 




The study of GFA of Zr based ternary metallic glasses started in the early 1990s. 
In 1990, a large undercooled region of 71 K was reported in Zr-Al-Ni ternary amorphous 
alloys by Inoue and his co-workers.65 This work opened the door to the explosive 
development of other broad classes of Zr based BMGs. Table 2.3 lists the typical Zr 
based ternary bulk metallic glasses reported up to now.38,82-87 Among all the Zr based 
ternary alloy systems, Zr-Cu-Al is the most successful. The study of GFA of Zr-Cu-Al 
metallic glasses started in 1990s. In 1992, Inoue and his co-workers first reported that 
metallic glasses with a wide undercooled liquid region (> 50 K) were found over a large 
composition range in the Zr-Cu-Al alloy system and the largest value for ∆Tx was from 
Zr65Cu27.5Al7.5 (88 K).82 In 1998, it was reported that a 5 mm amorphous ingot was 
obtained in the Zr60Cu30Al10 alloy.83 In 2002, it was claimed that glassy alloy ingots with 
diameter of 3 mm were formed for Zr45Cu50Al5 alloy by casting method.84 Also in 2002, 
a glass forming of 10 mm almost fully amorphous rod with some crystalline inclusion by 
casting method was reported in Zr50Cu40Al10 alloy by Yokoyama et al..85 In 2004, Xu and 
Johnson have reported a 3 mm diameter fully amorphous rod in Zr47Cu46Al7 alloy.38 
Bulk metallic glass formation in Zr based quaternary alloys and Zr based multi-
component alloys with more constituent elements was first discovered in 1991, when an 
undercooled region of 127K in Zr based amorphous Zr65Al7.5Ni10Cu17.5 alloy and bulk 
glass formation of 7 mm in diameter by metallic mold casting was reported by Inoue and 
his co-workers.88 Later on, bulk glass formation in Zr-Al-LTM (LTM=late transition 
metal, including VI-VIII group transition metal), Zr-Ti-Al-LTM, Zr-Ti-LTM-Be and Zr-
(Nb,Pd)-Al-LTM10 were also discovered. The most prominent of them up to now is the 
pentary alloy, Zr41.2Ti13.8Cu12.5Ni10Be22.5. This alloy is well-known as Vitreloy 1 (Vit1), 
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the first commercial BMG (sporting goods). Without fluxing or other special processing 
treatment, the measured critical cooling rate of Zr41.2Ti13.8Cu12.5Ni10Be22.5 for glass 
formation is as low as 1.2 K/s and this alloy can be cast in the form of fully glassy rods 
with a diameter of up to 30 mm,10 which is one of the biggest reported BMG samples. 
 
Table 2.3 Typical Zr based ternary bulk metallic glasses. 
 








Melt-spun ribbon. ∆Tx=88K. 
5 mm in diameter by casting. ∆Tx=70K. 
3 mm in diameter by casting. Trg=0.61, 
∆Tx=72K. 
10 mm in diameter but with some 
crystalline inclusion by casting. 
3 mm in diameter by high pressure 








Zr53Co23.5Al23.5 3 mm in diameter by suction casting. 
Trg=0.59, ∆Tx =66K 
[86] 






Vitreloy 1 (Vit1) arises people's interest not only because of its excellent glass 
forming ability; it also exhibits combination of various good mechanical properties, 
which cannot be obtained for conventional crystalline alloys. For example, as shown in 
Table 2.4 and Figure 2.5.2, compared to crystalline steel and Ti alloys, which are widely 
used in industry, Zr based Vit1 bulk metallic glasses have similar densities but high 
Young’s modulus (96 GPa) and elastic strain-to-failure limit (εel = 2%). The glasses have 
high tensile yield strength (σy = 1.9 GPa).11 However, although Vit1 BMG has such an 
excellent GFA, their industrial manufacture and commercial use have been seriously 
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limited because this alloy contains toxic and harmful beryllium. Thus, the discovery of 
new Zr-based BMGs that do not contain beryllium and meanwhile have the glass forming 
ability as high as Vit1, has attracted much interest. 
 
Table 2.4 Properties of Vit1 BMGs compared with some crystalline metal alloys. 
(adapted from Ref. [11]) 
 
Properties Vit1 BMG Al alloys Ti alloys 
Steel 
alloys 
Density (g cm-3) 
 
Tensile yield strength, σy (GPa) 
 
Elastic strain limit, εel 
 
Fracture toughness K1c (MPa m1/2) 
 












































Figure 2.5.2 Vit1 BMGs combine higher strength than crystalline metal alloys with the 
elastic strain limit of polymers. (adapted from Ref. [11]) 
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Chapter 3 Experimental Procedure 
 
3.1 Sample preparation 
3.1.1 Alloy preparation 
Ingots of studied Zr-Cu binary alloys and Zr-Cu-Al ternary alloys were prepared by arc-
melting a mixture of 99.98% pure Zr, 99.999% pure Cu and 99.9% pure Al under an 
argon atmosphere by the Edmund Buhler LSG-400 arc melting system. The compositions 
of our studied Zr-Cu binary alloys and Zr-Cu-Al ternary alloys are always nominally 
expressed in atomic per cent hereafter. The arc melting was performed using an Edmund 
Buhler LSG-400 arc melting system with current and voltage applied 10 A and 240 V 
respectively. To obtain a homogeneous alloy, the mixture was normally melted for 8 
times during the arc-melting process. 
 
3.1.2 Chill casting 
(a) 2 mm copper mould casting 
The 2 mm chill casting equipment was modified from the Edmund Buhler D-7400 
MAM-1 mini arc melting system by connecting a cylindrical copper mould (2 mm in 
diameter with a cylinder shape) to a container that would be vacuumed to a certain 
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pressure before casting and thus introduce a negative pressure to withdraw the molten 
alloy into the copper mould. Figure 3.1.1 shows the schematic diagram of this casting 
equipment. The alloy for studying was melted on the top of the copper mould. After alloy 
was completely melted, molten alloy was immediately cast into the copper mould by 
opening the valve that was connected to the pre-vacuumed chamber. The pressure 
difference between the processing chamber and the container allowed this chill casting to 
be completed quickly. The resultant cylinders always have a smooth outer surface and 
good metallic luster with size of 2 mm in diameter and 30 mm in length. Current for the 
melting of studied Zr-Cu alloys in 2 mm casting was normally set 10 A. Figure 3.1.2 
shows a photo of the 2 mm casting equipment modified from the Edmund Buhler D-7400 
MAM-1 mini arc melting system. Each cast rod then was sectioned for DSC, XRD, OM 

























Figure 3.1.2 Photo of the 2 mm casting equipment modified from the Edmund Buhler D-
7400 MAM-1 mini arc melting system. 
 
(b) 5 mm and 8 mm copper mould casting 
5 mm and 8 mm cylindrical chill casting was carried out in the chamber of the Edmund 
Buhler LSG-400 arc melting system. After homogeneous Zr-Cu-Al alloy ingot was 
prepared as indicated in Section 3.1, it was directly poured into the cylindrical copper 
moulds (5 mm or 8 mm in diameter) by lifting the copper crucible of the arc-melting 
system and when pouring the liquidus alloy, the electrical torch of the arc-melting 
equipment was maintained on. The resulting cast rods were usually 60 mm in length. 
Figure 3.1.3 is the photo of the 8 mm copper mould and the crucible in the chamber of 






before chill casting was normally set 10 A. Each cast rod then was sectioned for DSC, 




Figure 3.1.3 Photo of the 8 mm copper mould and crucible in the chamber of the LSG-
400 arc-melting system. 
 
3.2 Microstructure characterization  
3.2.1 X-ray diffraction 
X-ray diffraction was used to identify the amorphous state and the possibly existed 
crystalline phase of our cast rods. XRD samples were prepared by mounting the slices, 
which were cut from various positions of the cast rods, in slow setting resin cured by 
adding 1 part of hardener to 5 parts of epoxy resin. These samples were also grinded on 
120 to 600 grit silicon carbide papers to ensure the smooth of the surface before they 
were scanned by XRD machine. XRD scanning was carried out using a Philips PW 1729 
generator, a Philips PW 1710 diffractometer and a Bruker D8 Advanced XRD machine 
with Cu Kα radiation of wavelength 1.5402 Å. The current and voltage used for the 
Crucible 
8 mm copper 
mould 
  33
studies were 40 mA and 45 kV respectively. The diffraction angle 2θ ranged from 30 
degree to 80 degree. The angular positions of the crystalline peaks were compared with 
values given in the JCPDS powder diffraction files. 
 
3.2.2 Optical microscopy and scanning electron microscopy 
Optical microscopy was employed to characterize the microstructure features which 
included fully amorphous, amorphous matrix composite and different fully crystalline 
structures. Optical microscopy was carried out in an Olympus PME 3 optical microscope. 
After samples were scanned by XRD machine as indicated in Section 3.2.1, these 
samples were continually grinded from 600 to 1200 grit silicon carbide papers, and 
finished with Al2O3 powder prior to etching process. Etching liquid was 40 ml 
concentrated HNO3 plus several drops of HF and etching time was normally 5-10 
seconds. 
Scanning electron microscopy was also employed to characterize the 
microstructure, particularly for the detailed microstructure of BMG matrix composites 
under high magnifications. The SEM work was undertaken in a JOEL JSM-35CF 
scanning electron microscope. The sample preparation of SEM was the same as that of 
optical microscopy. Mounted samples were usually coated with a thin layer of gold and 
covered with aluminum tape to prevent charge built up in the samples.  
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3.3 Thermal analysis 
DSC 2900 TA instruments Differential Scanning Calorimeter (DSC) system and its 1600 
DTA (Differential Thermal Analysis) attachment was employed in this project. The 
output traces of a differential scanning calorimeter (DSC) are visually similar to DTA. 
However, the operating principle of this device is entirely different. In general, DSC has 
a higher sensitivity and resolution than DTA, but its maximum experimental temperature 
is much lower than that of DTA. Therefore, DSC was employed to study the low 
temperature phase transformation and DTA was mainly utilized for investigating melting 
behavior of our alloys.  
 
3.3.1 Differential scanning calorimeter 
The measurements of the glass transition temperature (Tg) and crystallization temperature 
(Tx) as well as the heat of crystallization (∆H) were carried out using DSC on slices cut 
from our cast rods at a heating rate of 20 K/min. Typically a 10-20 mg sample was non-
hermetically crimped in two standard Al pans and the temperature scanned over a range 
from room temperature to 873 K with Argon as the purging gas. 
The glass transition temperature, Tg, was taken to be the inflection point of the 
resulting DSC traces. The crystallization temperature, Tx, was taken to be the onset point 
of the crystallization exothermic peak. The enthalpy of the crystallization was determined 
from the area of the exothermic peak in the DSC trace. 
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3.3.2 Differential thermal analysis 
The measurements of the melting temperature (Tm) and the liquidus temperature (Tl) were 
carried out using DTA. Samples for DTA experiments were taken from the alloy ingots 
prepared by arc-melting with the mass from 30-40 mg. The samples were sealed in quartz 
tubes by vacuum-sealing technique in order to avoid possible oxidization during DTA 
measurements. All DTA experiments were carried out at a heating rate of 20 K/min with 
nitrogen as the purging gas. The melting temperature, Tm, was taken to be the onset point 
of the first melting peak. The liquidus temperature, Tl, was taken to be the offset point of 
the last melting peak. 
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Chapter 4 Results 
 
4.1 GFA study of alloys in Cu8Zr3-Cu10Zr7 binary eutectic 
system  
There are five eutectics in the binary Cu-Zr system.89 Figures 4.1.1 shows that the 
eutectic reaction of Cu8Zr3-Cu10Zr7 with the eutectic composition of 38.2 at% Zr has the 
lowest eutectic temperature of 885 °C among the five eutectics; moreover, the liquidus 
temperature rises steeply on the Cu8Zr3 side. GFA of alloys in this eutectic system was 
examined by 2 mm copper mould casting, and the resulting samples were then 



















Figure 4.1.1 Phase diagram of Zr-Cu. (Adapted from Ref. [89]) 
 
 
4.1.1 2 mm casting of alloys in Cu8Zr3-Cu10Zr7 eutectic system 
Figure 4.1.2 depicts the XRD patterns of 2 mm cast rods of alloys Zr38.2Cu61.8, 
Zr37.5Cu62.5, Zr37Cu63, Zr36.5Cu63.5, Zr36Cu64, Zr35.5Cu64.5, Zr35Cu65 and Zr34.5Cu65.5 
respectively, and Figures 4.1.3 to 4.1.7 show the morphology of these rods. 
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Figure 4.1.2 XRD patterns of 2 mm cast rods of Cu61.8Zr38.2, Zr37.5Cu62.5, Zr37Cu63, 
Zr36.5Cu63.5, Zr36Cu64, Zr35.5Cu64.5, Zr35Cu65 and Zr34.5Cu65.5. 
 
The eutectic Zr38.2Cu61.8 alloy and its nearby Zr37.5Cu62.5 alloy could not be made 
into a 2 mm BMG, as crystalline phases (mainly Cu10Zr7 as shown in Figure 4.1.2) 
existed in the center part of these two rods, and amorphous phase only appeared at the 
peripheral regions (Figure 4.1.3). With decreasing Zr content, the amount of crystalline 
phase decreased in Zr37Cu63 (Figure 4.1.4), Zr36.5Cu63.5 and Zr36Cu64 (Figure 4.1.5) alloys. 
However, it was presented as non-uniformly distributed islands in the amorphous matrix. 
XRD patterns of these samples (Figure 4.1.2) indicated that this crystalline phase was 
Cu10Zr7. Figures 4.1.4 (b), 4.1.5 (c) and 4.1.5 (d) also present the morphology of a 
Cu10Zr7 island in the amorphous matrix under high magnification. A complete bulk 
metallic glass was achieved at the composition of Zr35.5Cu64.5, which exhibited the 
featureless morphology (Figure 4.1.6) and the broad XRD maximum without any visible 
crystalline diffraction peaks (Figure 4.1.2). 
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Figure 4.1.3 SEM micrographs showing the transversal cross section of 2 mm cast rods of 
(a) Cu61.8Zr38.2, (b) Cu62.5Zr37.5 and the morphology of the fully crystalline region in the 








Figure 4.1.4 SEM micrographs showing (a) the transversal cross section of 2 mm cast rod 
of Cu63Zr37 and (b) the morphology of the crystalline “islands” in amorphous matrix of 
this 2 mm rod at high magnification. 
                               
(b) Zr37Cu63
 (d) Zr37.5Cu62.5
 (a) Zr38.2Cu61.8  
(a) Zr37Cu63 






Figure 4.1.5 SEM micrographs showing the transversal cross section of 2 mm cast rods of 
(a) Zr36.5Cu63.5, (b) Zr36Cu66 and the morphology of the crystalline “islands” in 









Figure 4.1.6 SEM micrographs showing (a) the transversal cross section of 2 mm cast rod 




(b) Zr36Cu64(a) Zr36.5Cu63.5 
(a) Zr35.5Cu64.5 (b) Zr35.5Cu64.5
(c) Zr36.5Cu63.5 (d) Zr36Cu64
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When the Zr content decreased slightly further to Zr35Cu65, a small amount of 
crystalline phase started to appear in the amorphous matrix again (Figure 4.1.7), and with 
the Zr content continuously decreased in Zr34.5Cu65.5, this crystalline phase increased in 
amount and was also present as non-uniformly distributed islands in the amorphous 
matrix (Figure 4.1.7). It was also found that the morphology of this new crystalline phase 
(Figures 4.1.7 c and d) was different from that of Cu10Zr7 shown in Figures 4.1.4 and 
4.1.5. XRD patterns (Figure 4.1.2) revealed that this new crystalline phase was now 
mainly Cu8Zr3. Not any amorphous phase was left in the 2 mm cast rod of alloy 
Zr34.25Cu65.75. The glass-containing range (2 mm fully amorphous and 2 mm amorphous 






Figure 4.1.7 SEM micrographs showing the transversal cross section of 2 mm cast rods of 
(a) Zr35Cu65, (b) Zr34.5Cu65.5 and the morphology of the crystalline “islands” in amorphous 
matrix of 2 mm rods of (c) Zr35Cu65, (d) Zr34.5Cu65.5 at high magnification. 
 
(b) Zr34.5Cu65.5(a) Zr35Cu65 
(c) Zr35Cu65 (b) Zr34.5Cu65.5
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Figures 4.1.8 and 4.1.9 describe the DSC curves of the 2 mm cast rods of alloys 
Zr38.2-xCu61.8+x (x = 0-3.7). Except for the DSC curves of Zr38.2Cu61.8 and Zr37.5Cu62.5, all 
the others showed clear glass transition and undercooled liquid region. The values of Tg, 
Tx, Trg, ∆Tx and ∆Hx (enthalpy of crystallization) of these alloys are listed in Table 4.1. 
The ∆Hx value increased gradually when composition moving from Zr38.2Cu61.8 to 
Zr35.5Cu64.5, and then diminished gradually with a further decrease of Zr content, forming 
a peak of ∆Hx value (56 J/g) at Zr35.5Cu64.5 (Figure 4.1.10). These DSC results were 
consistent with the above morphology observations and the XRD patterns. 
 
















Figure 4.1.8 DSC curves of 2 mm cast rods of Zr38.2Cu61.8, Zr37.5Cu62.5, Zr37Cu63, 
Zr36.5Cu63.5, Zr36Cu64 and Zr35.5Cu64.5. 
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Table 4.1 Results of DSC analysis of 2 mm cast rods of binary alloys in the Cu8Zr3-
Cu10Zr7 eutectic system. The liquidus temperature Tl was obtained from Zr-Cu phase 




alloy Tg, K Tx, K Tl, K ΔTx, K Trg ΔHx,J/g 
Zr34.5Cu65.5 764 781 1260 17 0.606 43 
Zr35Cu65 759 784 1251 25 0.607 52 
Zr35.5Cu64.5 755 784 1245 29 0.607 56 
Zr36Cu64 753 782 1237 29 0.609 52 
Zr36.5Cu63.5 748 780 1225 32 0.611 51 
Zr37Cu63 744 778 1213 34 0.613 41 
Zr37.5Cu62.5 744 773 1185 29 0.628 26 







Figure 4.1.10 The values of ∆Hx (enthalpy of crystallization) of 2 mm cast rod as a 
function of Cu content in the Cu8Zr3-Cu10Zr7 eutectic system.  
  
 
From the above XRD, SEM and DSC results, GFA of alloys in the Cu8Zr3-
Cu10Zr7 binary eutectic system could be summarized in the order in Figure 4.1.11, which 
formed a GFA maximum at Zr35.5Cu64.5. 
 
Figure 4.1.11 GFA change of alloys in the Cu8Zr3-Cu10Zr7 binary eutectic system. 
 



























2 mm (Cu10Zr7 + 
amorphous matrix) 
composite  




4.2 Melting study of alloys in τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and 
τ5-ZrCu-Cu10Zr7 ternary eutectic systems 
In discovery of alloys with high GFA, the study of melting behavior in these alloys is 
important. This is because a melting study not only reveals their Tl values, which are 
important for the calculation of various GFA scaling parameters, but also locates the 
eutectic point, which is preferable for glass formation upon solidification according to the 
Trg criterion.12 
Based on the result of our DTA analysis (summarized in Appendix), the liquidus 
isotherms in part of the ternary Zr-Cu-Al alloy system were determined and three 
eutectics, Zr2Cu-τ3-ZrCu, τ3-τ5-ZrCu and τ5-ZrCu-Cu10Zr7 were located as shown in 
Figure 4.2.1. Zr2Cu, ZrCu and Cu10Zr7 are binary compounds. τ3 and τ5 have nominal 
composition of Zr51Cu28Al21 and Zr38Cu36Al26 at room temperature respectively.85,90  
 
4.2.1 Eutectic point in τ3-τ5-ZrCu system 
In the τ3-τ5-ZrCu system, all the alloys had a constant Tm around 1125 K, and 
Zr48Cu38Al14 (alloy 3 in Figure 4.2.1) had the lowest Tl value, 1159 K. Figure 4.2.2 shows 
the Tl values and the melting DTA curves of Zr48Cu38Al14  and its three surrounding 
alloys (Zr50Cu36Al14, Zr48Cu40Al12, Zr48Cu38Al14). The DTA curve of Zr48Cu38Al14 
revealed only one melting peak; while the other three DTA curves had more than one 
melting peaks with Tl values higher than 1159 K. Based on the above results, 
Zr48Cu38Al14 was identified as the eutectic point in the τ3-τ5-ZrCu eutectic system. 
  46
Furthermore, Zr48Cu38Al14 was also close to the composition, Zr50Cu40Al10, identified by 
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Figure 4.2.1 Experimentally determined liquidus isotherms of the τ3-Zr2Cu-ZrCu, τ3-τ5-
ZrCu and τ5-ZrCu-Cu10Zr7 systems with three corresponding eutectics points found at 



















Figure 4.2.2 DTA melting curves of Zr48Cu38Al14 (alloy 3) and its three surrounding 
alloys, Zr46Cu38Al16, Zr50Cu36Al14 and Zr48Cu40Al12. 
 
 
4.2.2  Eutectic points in τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu systems 
The eutectic point (Zr45Cu49Al6, alloy 47 in Figure 4.2.1, Tm = 1140 K, Tl = 1178K) in the 
τ5-ZrCu-Cu10Zr7 system and the eutectic point (Zr52Cu38Al10, alloy 6 in Figure 4.2.1, Tm = 
1121 K, Tl = 1163K) in the τ3-Zr2Cu-ZrCu system were also identified in the similar way 
as stated in Section 4.2.1. Figure 4.2.3 shows the liquidus temperature and the melting 
DTA curves of Zr45Cu49Al6 and its three surrounding alloys (Zr45Cu47Al8, Zr43Cu51Al6 
and Zr47Cu49Al4). Figure 4.2.4 shows the liquidus temperature and the melting DTA 
curves of Zr52Cu38Al10 and its three surrounding alloys (Zr54Cu38Al18, Zr52Cu36Al12 and 
Zr50Cu40Al10). The melting DTA curves of both Zr45Cu49Al6 and Zr52Cu38Al10 revealed 

























Figure 4.2.3 DTA melting curves of alloy 47 (Zr45Cu49Al6), and its three surrounding 


















Figure 4.2.4 DTA melting curves of alloy 6 (Zr52Cu38Al10), and its three surrounding 
alloys, Zr50Cu40Al10, Zr52Cu36Al12 and Zr54Cu38Al8. 
 
According to the empirical conclusion draw from the Trg criterion,12 in an eutectic 
system, the eutectic point is preferable for glass formation. Thus, GFA of the above three 
eutectic alloys were studied before that of the off-eutectic alloys in the three systems. 
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4.3 GFA study of alloys in τ3-τ5-ZrCu ternary eutectic system 
4.3.1 5 mm casting of the eutectic alloy in τ3-τ5-ZrCu system 
The eutectic alloy, Zr48Cu38Al14 (alloy 3 in Figure 4.2.1), was cast into 5 mm copper 
mould. The XRD pattern (Figure 4.3.1) of the resulted 5 mm cast rod demonstrated 
strong diffraction peaks corresponding to τ3, τ5 and ZrCu phases respectively, indicating 
that this sample basically did not consist of amorphous phase. In the inset of Figure 4.3.1, 
the DSC curve of this cast rod showed essentially a flat line, confirming that no 
amorphous phase was detected. Based on the above results, GFA of alloy Zr48Cu38Al14 
was clearly very poor. Thus, GFA of off-eutectic alloys in the τ3-τ5-ZrCu system was 




Figure 4.3.1 XRD pattern of 5 mm cast rod of alloy 3 (Zr48Cu38Al14). (inset: DSC curve 
of this 5 mm cast rod) 



































4.3.2 Formation of (τ3 + glass matrix) composite 
The compositions of alloys 8, 2, 1, 7 and 55 were Zr50Cu34Al16, Zr50Cu36Al14, 
Zr50Cu38Al12, Zr50Cu40Al10 and Zr50Cu43Al7 respectively (summarized in Table 4.2 on 
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Figure 4.3.2 Alloys in the τ3-τ5-ZrCu eutectic system in the present study. 
 
Diffraction peaks only corresponding to τ3 appeared on the amorphous hump in 
the XRD patterns (Figure 4.3.3) of the 5 mm cast rods for alloys 1 and 7; and the 
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intensity of these crystalline diffraction peaks became weaker from alloy 1 to alloy 7. For 
the XRD pattern of alloy 55, a typical broad hump was observed without any visible 
crystalline diffraction peaks, indicating that there was no crystalline phase in this rod or 
the volume percentage of the crystalline phase was below 5%, beyond the XRD detection 
limit. Also shown in Figure 4.3.3, diffraction peaks of not only τ3, but also τ5 and ZrCu 
phases appeared in the XRD patterns of alloys 2 and 8. However, the superimposed 
amorphous hump for alloy 2 clearly indicated the presence of a small amount of 
amorphous phase in the sample. 
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Figure 4.3.3 XRD patterns of 5 mm rods of alloy 8 (Zr50Cu34Al16), alloy 2 (Zr50Cu36Al14), 
alloy 1 (Zr50Cu38Al12), alloy 7 (Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7) showing the 
decrease of the intensity of crystalline diffraction peaks from alloy 8 to alloy 55. 
 
Examining the transversal cross section morphology of 5 mm cast rods of alloys 
1, 7 and 55 by OM and SEM revealed that there were two kinds of morphology for them 
(Figures 4.3.4 c, d and e): one was the outer fully amorphous structure occupying the 
peripheral regions and the other was the amorphous matrix composite (crystalline phase 
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distributed in amorphous matrix) in the central part. SEM micrographs in Figures 4.3.5 
(c), (d) and (e) present the morphology of the composite region in the central part of these 
three 5 mm rods at high magnification. The crystalline phase in the amorphous matrix 
exhibited a characteristic of dendritic growth and it should be τ3 according to the XRD 
patterns of these three rods. Moreover, from alloys 1, 7 to 55, the diameter of the 
composite region decreased gradually from about 4 mm to 3 mm and the volume 
percentage of τ3 in the composite region decreased from 20% to below 5%, respectively.  
However, for alloys 8 and 2 (Figures 4.3.4 a and b, Figures 4.3.5 a and b), fully 
crystalline regions (consisting of eutectic phase mainly) existed in the central parts of 
these 5 mm cast rods, the (τ3 + amorphous) composite and fully amorphous phase were in 
outwards succession. Figures 4.3.4 (a) and (b) also show that the diameter of the fully 
crystalline region of alloy 2 was decreased compared with that of alloy 8 and there was 
more amorphous phase in alloy 2 compared with alloy 8.  
The above OM and SEM observations are consistent with the XRD patterns in 
Figure 4.3.3. It is due to the existence of the fully crystalline region in the central part of 
alloys 8 and 2, that their XRD patterns showed the diffraction peaks corresponding to not 
only τ3 but also τ5 and ZrCu phases. For alloys 1 and 7, as the fully crystalline region 
vanished and the existing crystalline phase was only those τ3 phase in the composite 
region, diffraction peaks corresponding to only τ3 were found on the amorphous hump of 
their XRD patterns. Moreover, as the diameter of the composite region and the volume 
percentage of τ3 phase decreased from alloy 1 to alloy 7, the intensity of diffraction peaks 
of τ3 on XRD patterns decreased from alloy 1 to alloy 7. For alloy 55, as the diameter of 
the composite region in the central part was only 3 mm and the volume percentage of τ3 
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in this composite region was below 5%, which is already beyond the detection limit of 
XRD method, the XRD pattern of this rod showed no crystalline diffraction peaks in 
Figure 4.3.3. Figure 4.3.6 summarizes the morphology change of the transversal cross 




Figure 4.3.4 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloy 8 (Zr50Cu34Al16), alloy 2 (Zr50Cu36Al14), alloy 1 (Zr50Cu38Al12), 
alloy 7 (Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7) macroscopically, indicating the increase 
of volume percentage of amorphous phase from alloy 8 to alloy 55. 
 
     0.5 mm
(d) Alloy 7 (c) Alloy 1 
(a) Alloy 8 (b) Alloy 2 
    0.5 mm
    0.5 mm     0.5 mm 
(e) Alloy 55 









Figure 4.3.5 SEM micrographs showing (a) the fully crystalline region in the central part 
of 5 mm cast rod of alloy 2 (Zr50Cu36Al14), (b) the bordering part between the central 
fully crystalline region and the surrounding composite region (τ3 distributed in 
amorphous matrix) of 5 mm cast rod of alloy 2, and the composite region (τ3 distributed 
in amorphous matrix) in the central part of 5 mm cast rods of (c) alloy 1 (Zr50Cu38Al12), 















Figure 4.3.6 Schematic summarization of the morphology evolution of the transversal 























The DSC curves of the 5 mm cast rods of alloys 8, 2, 1, 7 and 55 in Figure 4.3.7 
manifested the same GFA variation trend as the results of X-ray diffraction and 
morphology observation stated above did. Except alloy 8, all the other four rods 
demonstrated a distinct glass transition and an undercooled liquid region. The values of 
Tg, Tx, Trg, ∆Tx and ∆Hx of these alloys are listed in Table 4.2 (page 69). From alloy 8 to 
alloy 55, the enthalpy of crystallization (∆Hx) increased from 0 J/g to 52 J/g gradually, 
indicating the improvement in their GFA. 
 














Figure 4.3.7 DSC curves of 5 mm cast rods of alloy 8 (Zr50Cu34Al16), alloy 2 
(Zr50Cu36Al14), alloy 1 (Zr50Cu38Al12), alloy 7 (Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7). 
 
The above XRD, OM, SEM and DSC results of the 5 mm cast rods of alloys 8, 2, 
1, 7 and 55 are consistent with the fact that GFA of these alloys improved gradually from 
alloys 8, 2, 1, 7 to 55. In other words, when the alloy composition was further away from 
τ3 (as shown in Figure 4.3.20), GFA of these alloys was improved and consequently, the 
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volume percentage of amorphous phase in the 5 mm cast rod became higher (Figures 
4.3.3-4.3.7). 
 
4.3.3 Formation of (τ5 + glass matrix) composite 
XRD results of 5 mm cast rods of Zr46Cu42Al12, Zr46Cu44Al10 and Zr47Cu45Al8 (alloy 11, 
alloy 39 and alloy 40 respectively in Table 4.2 on page 69 and Figure 4.3.2 on page 50) 
revealed that for alloy 11, the majority was τ5, with a minority amount of τ3 and ZrCu 
(Figure 4.3.8). For alloy 39, peaks corresponding to τ5 appeared with the amorphous 
hump, while for alloy 40, only a typical broad hump was observed without any visible 
crystalline diffraction peaks (Figure 4.3.8). 






























Figure 4.3.8 XRD patterns of 5 mm cast rods of alloy 11 (Zr46Cu42Al12), alloy 39 
(Zr46Cu44Al10) and alloy 40 (Zr47Cu45Al8) showing the decrease of the intensity of 
crystalline diffraction peaks from alloy 11 to alloy 40. 
 
Figures 4.3.9 and 4.3.10 show the morphology of these 5 mm cast rods obtained 
by SEM and OM. Alloy 11 was mostly crystalline with only a small amount of 
  58
amorphous phase in the rim (Figures 4.3.9 a). Again, only two kinds of morphology for 
alloys 39 and 40 were found, one was the fully amorphous one occupying the peripheral 
part and the other was the amorphous matrix composite in the central part (Figures 4.3.9 
b and c). Moreover, from alloy 39 to alloy 40, the diameter of the amorphous matrix 
composite region was reduced from 4 mm to 2.5 mm and the volume percentage of τ5 in 
the composite region was decreased from about 15% to below 5%. This morphological 
change from alloy 11 to alloy 39 and then, to alloy 40 was very similar to that from alloy 
8 to alloy 55 summarized in Figure 4.3.6. However, here, the crystalline phase in the 
amorphous matrix composite was τ5, instead of τ3. In addition, the morphology of τ5 
under high magnification presented the characteristic of crystalline growth of faceted 
phase (Figures 4.3.10 b and c) and this was very different from the dendritic morphology 
of τ3 shown in Figures 4.3.5 (c), (d) and (e). 
The XRD results and morphology observation of these three cast rods was also 
confirmed by the DSC curves in Figure 4.3.11. Essentially a flat line for alloy 11 agreed 
with the morphology observation and XRD pattern of the almost fully crystalline nature 
of this sample. A weaker crystallization event of alloy 39 (∆Hx = 46J/g in Table 4.2) 
compared with that of alloy 40 (∆Hx = 54J/g in Table 4.2) is consistent with the XRD, 
OM and SEM results that alloy 40 had a higher amount of amorphous phase. The above 
XRD, OM, SEM and DSC results of the 5 mm cast rods of alloys 11, 39 and 40 led to the 
conclusion that when away from τ5 (as shown in Figure 4.3.20), GFA improved gradually 












Figure 4.3.9 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloy 11 (Zr46Cu42Al12), alloy 39 (Zr46Cu44Al10) and alloy 40 
(Zr47Cu45Al8) macroscopically, indicating the increase of volume percentage of 
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Figure 4.3.10 SEM micrographs showing (a) the fully crystalline region in the central 
part of 5 mm cast rod of alloy 11 (Zr46Cu42Al12), and the composite region (τ5 distributed 
in amorphous matrix) in the central part of 5 mm cast rods of (b) alloy 39 (Zr46Cu44Al10), 
(c) alloy 40 (Zr47Cu45Al8). 
 












Figure 4.3.11 DSC curves of 5 mm cast rods of alloy 11 (Zr46Cu42Al12), alloy 39 






4.3.4 Formation of (ZrCu + glass matrix) composite  
As shown in Figure 4.3.12, strong diffraction peaks corresponding to ZrCu appeared in 
the XRD patterns of 5 mm cast rods of Zr49Cu46Al5 and Zr49Cu47Al4 (alloy 57 and alloy 
62 respectively in Table 4.2 on page 69 and Figure 4.3.2 on page 50), indicating there 
was a large volume percentage of ZrCu phase in these two cast rods. 
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Figure 4.3.12 XRD patterns of 5 mm cast rods of alloy 57 (Zr49Cu46Al5) and alloy 62 
(Zr49Cu47Al4). 
 
Figures 4.3.13 and 4.3.14 demonstrate the morphology of the 5 mm cast rods of 
alloys 57 and 62, which the peripheral region was occupied by fully amorphous phase 
and the central region was occupied by amorphous matrix composite (ZrCu crystalline 
“islands” distributed in amorphous matrix). In addition, from alloy 62 to alloy 57, the 
volume percentage of the crystalline “islands” in the 5 mm cast rod decreased from about 
60% to about 50%. The smaller ∆Hx value of alloy 62 (21 J/g in Table 4.2 and Figure 
4.3.15) compared with that of alloy 57 (29 J/g in Table 4.2 and Figure 4.3.15) also 
revealed alloy 57 had a higher amount of amorphous phase. The above results show that 
  62
with composition further away from ZrCu (as shown in Figure 4.3.20), GFA became 




Figure 4.3.13 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloy 57 (Zr49Cu46Al5) and alloy 62 (Zr49Cu47Al4) macroscopically, 





Figure 4.3.14 SEM micrographs showing the morphology of the crystalline “islands” in 
the composite region of 5 mm cast rods of (a) alloy 57 (Zr49Cu46Al5) and (b) alloy 62 
(Zr49Cu47Al4) at high magnification. 
 
(b) (a) 
    0.5 mm     0.5 mm 
(b) Alloy 62 (a) Alloy 57 
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Figure 4.3.15 DSC curves of 5 mm cast rods of alloy 57 (Zr49Cu46Al5) and alloy 62 
(Zr49Cu47Al4). 
 
4.3.5 Formation of 5 mm fully amorphous BMG 
As all the results in the above three sub-sections (Sections 4.3.2 to  4.3.4) pointed to a 
composition region around Zr49Cu44Al7 (alloy 64), Zr48Cu45Al7 (alloy 67), Zr49Cu45Al6 
(alloy 56) and Zr48Cu46Al6 (alloy 45) (Figure 4.3.2 on page 50) as having the least amount 
of crystalline phases and the optimum glass former could be obtained, GFA of these 
alloys were also studied. 
Figure 4.3.16 shows the XRD patterns of 5 mm cast rods of alloys 64, 67, 56 and 
45. In all these four XRD patterns, only a typical broad hump was observed without any 
visible crystalline diffraction peaks. A featureless appearance with no crystalline 
inclusion was presented both at low magnification under OM (Figure 4.3.17) and at high 
magnification under SEM (Figure 4.3.18). The DSC curves of the 5 mm cast rods of 
these alloys also exhibited a strong crystallization event (Figure 4.3.19). The ∆Hx values 
of these four cast rods (58 J/g to 59 J/g) were higher than those of other cast rods as 
shown in Table 4.2, confirming that they were fully amorphous.  
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Figure 4.3.16 XRD patterns of 5 mm cast rods of alloys 64 (Zr49Cu44Al7), 67 
(Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 (Zr48Cu46Al6), showing a typical broad hump 






Figure 4.3.17 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 64 (Zr49Cu44Al7), 67 (Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 
(Zr48Cu46Al6) macroscopically, showing a featureless appearance of amorphous phase 
with no crystalline inclusion under low magnification. 
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Figure 4.3.18 SEM micrographs showing a featureless fully amorphous morphology of 5 
mm cast rods of (a) alloy 64 (Zr49Cu44Al7), (b) alloy 67 (Zr48Cu45Al7), (c) alloy 56 
(Zr49Cu45Al6) and (d) alloy 45 (Zr48Cu46Al6) under high magnification. 
















Figure 4.3.19 DSC curves of 5 mm cast rods of alloys 64 (Zr49Cu44Al7), 67 (Zr48Cu45Al7), 




The above XRD, OM, SEM and DSC results reveal that GFA of all these four 
alloys was high enough to form 5 mm fully BMG and these four alloys formed a 5 mm-
glass-composition region in the τ3-τ5-ZrCu system as show in Figure 4.3.20. Although 5 
mm casting could not differentiate GFA of alloys 64, 67, 56 and 45, combined with the 
results of GFA study of other alloys stated in the above sub-section, a conclusion could 
still be drawn. That is the GFA of alloys 64, 67, 56 and 45 was higher than that of other 
alloys, and any alloy further away from this 5 mm-glass-composition region had a lower 
GFA (Figure 4.3.20). Figure 4.3.21 schematically summarizes the morphology change of 
the transversal cross sections of 5 mm cast rods as GFA improved from alloys 1, 39 and 
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Figure 4.3.20 Trend in GFA change of alloys in the τ3-τ5-ZrCu eutectic system and the 











Figure 4.3.21 Schematic summary of the morphology change of the transversal cross 
sections of 5 mm cast rods as the composition moved to the 5 mm-glass-composition 
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56 and 45













Table 4.2 Summary of results of morphology observations, DSC and DTA analysis of 5 mm cast rods of typical Zr-Cu-Al alloys in the 



















































































fully crystalline in the 



















































































4.3.6 Formation of 8 mm fully amorphous BMG  
As 5 mm casting could not differentiate GFA of alloys 64 (Zr49Cu44Al7), 67 
(Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 (Zr48Cu46Al6), these four alloys were also cast 
into 8 mm copper mould in order to find the optimum glass forming alloy in the τ3-τ5-
ZrCu eutectic system and obtain bulk metallic glass bigger than 5 mm. 
Diffraction peaks corresponding to τ3 are exhibited on the amorphous hump in the 
XRD pattern (Figure 4.3.22) of 8 mm cast rod for alloy 64, and diffraction peaks 
corresponding to ZrCu phase are exhibited on the amorphous hump in the XRD pattern 
(Figure 4.3.22) of 8 mm cast rods for alloys 45 and 56. Only for alloy 67, a typical broad 
hump was observed without any visible crystalline diffraction peaks (Figure 4.3.22). 






















Figure 4.3.22 XRD patterns of 8 mm cast rods of alloys 64 (Zr49Cu44Al7), 67 
(Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 (Zr48Cu46Al6), showing that a typical broad hump 
without any visible crystalline diffraction peaks was observed only for alloy 67. 
 
Figure 4.3.23 shows the morphology of the 8 mm cast rods of alloys 64, 67, 56 
and 45 obtained by SEM. For alloy 67 (Figures 4.3.23 b and c), only a featureless 
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morphology was presented, indicating that this 8 mm rod was fully amorphous; while, for 
alloys 64, 56 and 45, crystalline phases were found in the amorphous matrix (Figures 






Figure 4.3.23 SEM micrographs showing (a) the morphology of τ3 distributed in 
amorphous matrix of 8 mm cast rod of alloy 64 at high magnification, (b) the featureless 
transversal cross section morphology of 8 mm cast rod of alloy 67 macroscopically, (c) 
the featureless fully amorphous morphology of 8 mm cast rod of alloy 67 at high 




Clearly, by 8 mm copper mould casting, the difference of GFA of alloys 64, 67, 
56 and 45 was revealed and only alloy 67 could form 8 mm fully amorphous. In other 
words, alloy 67 was found to be the optimum glass former in the τ3-τ5-ZrCu eutectic 






Further attempts to cast fully glassy rods with diameters larger than 8 mm were 
not successful. This 8 mm is the limiting diameter for BMG formation in the τ3-τ5-ZrCu 
eutectic system, with Zr48Cu45Al7 (alloy 67) being the optimum composition pinpointed 
to an accuracy of 1 at%.  
 
4.4 GFA study of alloys in τ5-ZrCu-Cu10Zr7 ternary eutectic 
system 
GFA of alloys in the τ5-ZrCu-Cu10Zr7 eutectic system, which is located on the right side 
of the τ3-τ5-ZrCu eutectic system, was also studied by 5 mm copper mould casting and 
the experimental results are summarized in Table 4.3 on page 75 and Figure 4.4.1 on 
page 74. 
Our results showed that in the τ5-ZrCu-Cu10Zr7 system, the eutectic alloy 
(Zr45Cu49Al6, alloy 47 in Figure 4.4.1) had the optimum GFA and this alloy could form 5 
mm fully amorphous cast rod under our experimental condition. Figures 4.4.2 to 4.4.3 
show the corresponding XRD pattern, morphology and DSC curve of the 5 mm cast rod 
of alloy 47.  The values of Tg, Tx, Trg, ∆Tx and ∆Hx of this rod are listed in Table 4.3 on 
page 75.  
Except for alloy 47, all the other alloys in the τ5-ZrCu-Cu10Zr7 system failed to 
form 5 mm fully amorphous, and as the composition became nearer to that of alloy 47, 
GFA improved. For example, for alloys 43 and 49 (located between τ5 and alloy 47 as 
shown in Figure 4.4.1), both of them formed 5 mm cast amorphous matrix composite 
with τ5 crystalline phase distributed in the central region of these two 5 mm rods. 
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However, from alloy 43 to alloy 49 with the composition nearer to alloy 47, the diameter 
of the composite region in the center of the cast rod was decreased from 4 mm to 3 mm 
and the volume percentage of τ5 in the composite region was reduced from about 15% to 
below 5%. Figures 4.4.4 to 4.4.7 show the XRD patterns, morphology and DSC curves of 
5 mm cast rods of alloys 43 and 49 respectively.  For alloys 65 and 66 (located between 
ZrCu and alloy 47), both of them formed 5 mm cast amorphous matrix composite with 
ZrCu crystalline phase distributed in the central region of these two 5 mm rods. However, 
from alloy 65 to alloy 66 with the composition nearer to alloy 47, the volume percentage 
of ZrCu crystalline island in the composite region was decreased from 80% to 70% 
(Figures 4.4.8 to 4.4.11). While both alloy 73 and alloy 59 (located between Cu10Zr7 and 
alloy 47) formed 5 mm cast amorphous matrix composite with Cu10Zr7 crystalline phase 
distributed in the central region of these two 5 mm rods. However, with the composition 
nearer to alloy 47, the volume percentage of Cu10Zr7 crystalline island in the composite 
region was reduced from 20% in alloy 73 to 10% in alloy 59 (Figures 4.4.12 to 4.4.15). 
Table 4.3 on page 75 summarizes the values of Tg, Tx, Trg, ∆Tx and ∆Hx of these 5 mm 
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Figure 4.4.1 Trend in GFA change in the τ5-ZrCu-Cu10Zr7 system and the discovered 









Table 4.3 Summary of results of morphology observations, DSC and DTA analysis of 5 mm cast rods of typical Zr-Cu-Al alloys in the 

















Label Composition Morphology Tm, K Tl, K Tg, K Tx, K Trg ΔTx, K
ΔHx, 
J/g 
































































Figure 4.4.2 XRD pattern of 5 mm cast rod of alloy 47 (Zr45Cu49Al6), showing a typical 
broad hump without any visible crystalline diffraction peaks. (inset: DSC curve of this 5 




Figure 4.4.3 (a) Optical photo showing about a quarter part of the transversal cross 
section of 5 mm cast rod of alloy 47 (Zr45Cu49Al6) macroscopically and (b) SEM 
micrograph showing the featureless fully amorphous morphology of this 5 mm cast rod at 
high magnification. 
 
















Figure 4.4.4 XRD patterns of 5 mm cast rods of alloys 43 (Zr45Cu47Al8) and 49 
(Zr45Cu48Al7), showing the decrease of the intensity of crystalline diffraction peaks from 
alloy 43 to alloy 49. 
(b) 
     0.5 mm 






















Figure 4.4.5 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 43 (Zr45Cu47Al8) and 49 (Zr45Cu48Al7) macroscopically, indicating 





Figure 4.4.6 (a) SEM micrographs showing the composite region (τ5 distributed in 
amorphous matrix) in the central part of 5 mm cast rods of alloy 43 (Zr45Cu47Al8) and (b) 
alloy 49 (Zr45Cu48Al7) at high magnification. 
 












Figure 4.4.7 DSC curves of 5 mm cast rods of alloys 43 (Zr45Cu47Al8) and 49 
(Zr45Cu48Al7). 
(b) (a) 
    0.5 mm
(b) Alloy 49 
     0.5 mm 
(a) Alloy 43 
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Figure 4.4.9 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 65 (Zr47Cu49Al4) and 66 (Zr46Cu49Al5) macroscopically, indicating 




Figure 4.4.10 SEM micrographs showing the morphology of the crystalline “islands” in 
the composite region of 5 mm cast rods of (a) alloy 65 (Zr47Cu49Al4) and (b) alloy 66 
(Zr46Cu49Al5) at high magnification.  
(b) 
     0.5 mm 
(a) Alloy 65 
    0.5 mm
(b) Alloy 66 
(a) 
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Figure 4.4.11 DSC curves of 5 mm cast rods of alloys 65 (Zr47Cu49Al4) and 66 
(Zr46Cu49Al5). 
 




















Figure 4.4.12 XRD patterns of 5 mm cast rods of alloys 73 (Zr44Cu51Al5) and 59 
(Zr45Cu50Al5) showing the decrease of the intensity of crystalline diffraction peaks from 




Figure 4.4.13 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 73 (Zr44Cu51Al5) and 59 (Zr45Cu50Al5) macroscopically, indicating 
the increase of volume percentage of amorphous phase from alloy 73 to alloy 59. 
(b) Alloy 59 
     0.5 mm 
(a) Alloy 73 





Figure 4.4.14 SEM micrographs showing the morphology of the crystalline “islands” in 
the composite region of 5 mm cast rods of (a) alloy 73 (Zr44Cu51Al5) and (b) alloy 59 
(Zr45Cu50Al5) at high magnification.  
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Figure 4.5.1 Trend in GFA change in the τ3-Zr2Cu-ZrCu system and the discovered 




A similar study on GFA by 5 mm copper mould casting was carried out in the τ3-Zr2Cu-
ZrCu eutectic system, and the experimental results are summarized in Table 4.4 on page 
82 and Figure 4.5.1 above. 
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Table 4.4 Summary of results of morphology observations, DSC and DTA analysis of 5 mm cast rods of typical Zr-Cu-Al alloys in the 
























































































































It was found that in the τ5-ZrCu-Cu10Zr7 system, three off-eutectic alloys, 
Zr54Cu38Al8, Zr55Cu37Al8 and Zr56Cu36Al8 (alloys 12, 75 and 14 in Figure 4.5.1) had the 
optimum GFA and these three alloys could form 5 mm fully amorphous cast rods 
(Figures 4.5.2 to 4.4.5 and Table 4.4).  
Except for alloys 12, 75 and 14, all the other alloys in the τ5-ZrCu-Cu10Zr7 system 
failed to form 5 mm fully amorphous cast rod, and as the composition approached to that 
of alloys 12, 75 and 14, GFA improved. For example, both alloys 10 and 72 (located 
between τ3 and alloys 12, 75 and 14) formed 5 mm amorphous matrix composite with τ3 
crystalline phase distributed in the central region of these two 5 mm cast rods. However, 
from alloy 10 to alloy 72 with the composition nearer to that of alloys 12, 75 and 14, the 
diameter of the composite region in the center of the cast rod was decreased from 4 mm 
to 3 mm and the volume percentage of τ3 in the composite region was reduced from about 
15% to 5%. Figures 4.5.6 to 4.4.9 show the XRD patterns, morphology and DSC curves 
of 5 mm cast rods of alloys 10 and 72 respectively.  Both alloys 28 and 71 (located 
between ZrCu and alloys 12, 75 and 14 in Figure 4.5.1) formed 5 mm cast amorphous 
matrix composites with ZrCu crystalline phase distributed in the central region of these 
two 5 mm rods. However, with the composition nearer to that of alloys 12, 75 and 14, the 
volume percentage of ZrCu crystalline islands in the composite region was reduced from 
50% in alloy 28 to 20% in alloy 71 (Figures 4.5.10 to 4.5.13). Different from alloys 10, 
72, 28 and 71, both alloys 20 and 17 (located between Zr2Cu and alloys 12, 75 and 14) 
failed to form 5 mm cast amorphous matrix composite because there existed a fully 
crystalline region in the center of their 5 mm cast rods (Figures 4.4.15). However, on 
changing from alloy 20 to alloy 17, i.e. towards a composition nearer to that of alloys 12, 
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75 and 14, the diameter of the fully crystalline region was reduced from 4.5 mm to 3.5 
mm and the amount of the amorphous phase in the peripheral region of the cast rod was 
increased.  The improvement in GFA from alloy 20 to 17 is demonstrated in Figures 
4.4.14 to 4.4.17. The values of Tg, Tx, Trg, ∆Tx and ∆Hx of the above 5 mm cast rods are 
summarized in Table 4.4 on page 82.  
It was also noticeable that although alloy 6 (Zr52Cu38Al10) is the eutectic point in 
the τ5-ZrCu-Cu10Zr7 system, GFA of this alloy was lower than that of alloys 12, 75 and 
14,  since this alloy formed only 5 mm (τ3 + glass) amorphous matrix composite under 
our experimental condition (Figures 4.4.18 to 4.4.19 and Table 4.4).   
 















Figure 4.5.2 XRD patterns of 5 mm cast rods of alloys 12 (Zr54Cu38Al8), 75 (Zr55Cu37Al8) 
















Figure 4.5.3 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 12 (Zr54Cu38Al8), 75 (Zr55Cu37Al8) and 14 (Zr56Cu36Al8) 
macroscopically, showing a featureless appearance of amorphous phase with no 












    0.5 mm
     0.5 mm
     0.5 mm 
(a) Alloy 12 (b) Alloy 75 





Figure 4.5.4 SEM micrographs showing the featureless fully amorphous morphology of 5 
mm cast rods of (a) alloy 12 (Zr54Cu38Al8), (b) alloy 75 (Zr55Cu37Al8) and (c) alloy 14 
















 Figure 4.5.5 DSC curves of 5 mm cast rods of alloys 12 (Zr54Cu38Al8), 75 (Zr55Cu37Al8) 
























Figure 4.5.6 XRD patterns of 5 mm cast rods of alloys 10 (Zr54Cu34Al12) and 72 
(Zr54Cu36Al10), showing the decrease of the intensity of crystalline diffraction peaks from 




Figure 4.5.7 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 10 (Zr54Cu34Al12) and 72 (Zr54Cu36Al10) macroscopically, 




Figure 4.5.8 SEM micrographs showing the composite region (τ3 distributed in 
amorphous matrix) in the central part of 5 mm cast rods of (a) alloy 10 (Zr54Cu34Al12) and 
(b) alloy 72 (Zr54Cu36Al10) at high magnification. 
(b) (a) 
(b) Alloy 72 
     0.5 mm 
(a) Alloy 10 
    0.5 mm
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Figure 4.5.9 DSC curves of 5 mm cast rods of alloys 10 (Zr54Cu34Al12) and 72 
(Zr54Cu36Al10). 





















Figure 4.5.10 XRD patterns of 5 mm cast rods of alloys 28 (Zr54Cu42Al4) and 71 
(Zr54Cu40Al6), showing the increase of the intensity of crystalline diffraction peaks from 




Figure 4.5.11 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 28 (Zr54Cu42Al4) and 71 (Zr54Cu40Al6) macroscopically, indicating 
the decrease of volume percentage of amorphous phase from alloy 71 to alloy 28. 
(b) Alloy 28 
     0.5 mm 
(a) Alloy 71 




Figure 4.5.12 SEM micrographs showing the morphology of the crystalline “islands” in 
the composite region of 5 mm cast rods of (a) alloy 71 (Zr54Cu40Al6) and (b) alloy 28 
(Zr54Cu42Al4) at high magnification. 
 











Figure 4.5.13 DSC curves of 5 mm cast rods of alloys 28 (Zr54Cu42Al4) and 71 
(Zr54Cu40Al6). 





























Figure 4.5.14 XRD patterns of 5 mm cast rods of alloys 17 (Zr58Cu36Al6) and 20 
(Zr60Cu36Al4), showing the increase of the intensity of crystalline diffraction peaks from 





Figure 4.5.15 Optical photos of about a quarter part of the transversal cross section of 5 
mm cast rods of alloys 17 (Zr58Cu36Al6) and 20 (Zr60Cu36Al4) macroscopically, indicating 




Figure 4.5.16 SEM micrographs showing the morphology of the fully crystalline region 
in the central part of 5 mm cast rods of (a) alloy 17 (Zr58Cu36Al6) and (b) alloy 20 
(Zr60Cu36Al4) at high magnification. 
 










Figure 4.5.17 DSC curves of 5 mm cast rods of alloys 17 (Zr58Cu36Al6) and 20 
(Zr60Cu36Al4). 
(a) b(a) 
(a) Alloy 17 
     0.5 mm 
(b) Alloy 20 




Figure 4.5.18 XRD pattern of 5 mm cast rod of alloy 6 (Zr52Cu38Al10). (inset: DSC curve 






Figure 4.5.19 (a) Optical photo showing about a quarter part of the transversal cross 
section of 5 mm cast rod of alloy 6 (Zr52Cu38Al10) macroscopically, (b) SEM micrograph 
showing the composite region (τ3 distributed in amorphous matrix) in the central part of 5 
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(a) Alloy 6 (b) Alloy 6 
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Chapter 5 Discussions 
 
5.1 Correlation between GFA and Trg, ∆Tx in binary Cu8Zr3-
Cu10Zr7 system 
Although Trg (Tg/Tl) and ∆Tx (Tx-Tg) have been found not reliable to predict GFA of alloys 
as stated in Section 2.3.3, they have already been used for decades as a guidance to 
explore alloys with high GFA. In this section, the variation tendency of GFA, Trg values 
and ∆Tx values of our studied alloys in the Cu8Zr3-Cu10Zr7 eutectic system is examined to 
check whether values of Trg and ∆Tx can indicate the GFA change in this eutectic system. 
As stated in Section 4.1, in the Cu8Zr3-Cu10Zr7 eutectic system, Zr35.5Cu64.5, an 
off-eutectic alloy, has the optimum GFA. Only this alloy can form 2 mm fully 
amorphous; all the other alloys in the Cu8Zr3-Cu10Zr7 eutectic system fail to form 2 mm 
fully amorphous and when their compositions are further away from Zr35.5Cu64.5 (the 
optimum glass former), their GFA is decreased. Table 4.1 on page 51 shows Tl, Tg, Tx, Trg 
and ∆Tx values of our studied alloys in the Cu8Zr3-Cu10Zr7 eutectic system. Figure 5.1.1 
(a) shows part of the phase diagram of the Cu8Zr3-Cu10Zr7 system and the plot of Tg and 
Tx values of our studied alloys, Figure 5.1.1 (b) shows the volume percentage of glassy 
phase in 2 mm cast rods with their corresponding Trg and ∆Tx values. 
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Figure 5.1.1 (a) Part of the phase diagram of the Cu8Zr3-Cu10Zr7 system, and plot of the 
values of Tg and Tx; (b) plot of the volume percentage of glass phase in 2 mm cast rods 






As shown in Table 4.1 and Figure 5.1.1, for the Zr range 34 to 38.2 at%, the Tg 
value has a weak dependence on alloy composition (e.g. from 735 K of Zr38.2Cu61.8, Tg 
only increases to 764K of Zr34.5Cu65.5). In contrast, when Zr content is decreased below 
38.2 at% (the Zr content of the eutectic point), the Tl value increases sharply (e.g. from 
1158 K of Zr38.2Cu61.8, Tl increases sharply to 1260 K of Zr34.5Cu65.5). As a result, as the 
Zr content decreases from 38.2 at% to 34.5 at%, the Trg value constantly decreases from 
0.634 to 0.606; this is clearly not consistent with the GFA change of these alloys, which 
achieves a maximum at Zr35.5Cu64.5. For Zr35.5Cu64.5, the optimum glass former, its Trg 
value is only 0.607, which is amongst the lowest among Trg values of these alloys. In 
contrast, although Zr38.2Cu61.8, the eutectic alloy of the Cu8Zr3-Cu10Zr7 system, has the 
highest Trg value (0.634), its GFA is actually so poor that in the central part of 2 mm cast 
rod, there is a large fully crystalline region.  In summary, Trg values cannot indicate the 
GFA change in the Cu8Zr3-Cu10Zr7 eutectic system. 
Table 4.1 and Figure 5.1.1 also show that the variation of ∆Tx values is not 
consistent with the GFA change of these alloys. For Zr35.5Cu64.5, the optimum glass 
former, its ∆Tx value is only 29 K. Although Zr37Cu63 has the highest ∆Tx value (34 K) 
among these alloys, its GFA is not as high as that of Zr35.5Cu64.5 and its 2 mm cast rod has 





5.2 A new strategy to pinpoint the optimum glass former in 
binary eutectic systems 
As the above section shows the GFA scaling parameters, Trg and ∆Tx values do not work 
in the Cu8Zr3-Cu10Zr7 eutectic system, in this section, a practical and effective strategy is 
proposed to pinpoint the alloy with maximum GFA in eutectic systems. This strategy is 
not dependent on parameters of thermal properties like Trg and ∆Tx, but microstructure-
based. Moreover, this strategy is then well verified by our results in the Cu8Zr3-Cu10Zr7 
binary eutectic system. 
 
5.2.1 Concept of phase selection 
Recently, based on the proposal of eutectic couple zone,91-97 Ma et al. have extended the 
concept that glass formation is the result of a phase selection over all the competing 
phases, in particular, the eutectic formation.13,98-100 According to references [13, 98-100], 
even when heterogeneous nucleation occurs, a glass can still form if the growth of the 
nuclei is suppressed. A glass forms if its glass-transition temperature isothermal is higher 
than the growth temperature of any of the possible crystalline phases. On cooling, the 
phase with the highest growth temperature is kinetically favored and is observed in the 
solidified microstructure. By applying this competitive-growth principle and treating the 
glass as another competing phase, complete suppression of crystal growth is expected 
when the temperature of full glass formation is higher than the growth temperature of any 
of the crystalline phases.  This new concept has been successfully applied to explain why 
the optimum glass-former was at the eutectic composition for Pd based alloys,98 but at an 
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off-eutectic composition for La based alloys.13 The conclusion of Ma et al.’s idea can be 






Figure 5.2.1 Schematic diagrams showing (a) glass forming zone and glass matrix 
composite zones with a symmetrical eutectic coupled zone, (b) glass forming zone and 
glass matrix composite zones with a skewed eutectic coupled zone. (T  is cooling rate and 
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According to reference [100], the alloys between min0C and 
max
0C  (Figure 5.2.1) 




































,        (5.2b)   
where eC  is the eutectic composition, αm  (<0) and βm (>0) are the liquidus slopes of α 
and β, respectively, eT  is the equilibrium eutectic temperature, gT  is the glass transition 
temperature, eK , αK  and βK   are growth constants of the eutectic, α and β  respectively, 
n92,94,95 is a constant with values ranging from 1/3 to 1/2. Figures 5.2.1 (a) and (b) also 
predict two kinds of glass forming zones corresponding to two types of eutectic systems. 






)( nn gee TTKK




)( nn gee TTKK
−−< β , the optimum glass-forming range 
between min0C  and 
max
0C is inclusive of eC  and centered around eC . Examples of such 
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−− −<<− βα  due to the relative ease of the growth of α 
(and/or the greater difficulty of β growth), the easy glass-forming range of min0C  to 
max
0C would be exclusive of eC . In this case the highest GFA zone will not be symmetric 
about eC . This explains the optimum GFA at an off-eutectic composition in the binaries 
Al-Ge, Ca-Mg, Ca-Al, Ca-Zn.12 The details of Ma’s concept that GFA is related to a 
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phase selection over all the competing phases, and the derivation of Figure 5.2.1 can be 
found in references [13, 98-100]. 
 
5.2.2 Calculated optimum glass forming zone in Cu8Zr3-Cu10Zr7 system  
The alloys with compositions between min0C  and 
max
0C , expressed in Eqs. (5.2a) and  
(5.2b), respectively, should have the optimum GFA in a binary eutectic system as shown 
in Figure 5.2.1. Equation (5.2a) and Equation (5.2b) point out a way to calculate the 
optimum glass forming zone in a binary eutectic system, but unfortunately, in most 
binary alloys systems, the values of n, Ke, Kα and Kβ are not available. In this section, the 
optimum glass forming zone in the binary Cu8Zr3-Cu10Zr7 eutectic system will be 
calculated with an estimation of the values of n, Ke, Kα and Kβ. 
 
(1) Estimation of value of Ke 
For binary lamellar eutectics, according to Jackson and Hunt,93 we have 
2 L LeK m Qα= ,     (5.2c) 
where 
1 1 1
m m mα β







ς ς= + + ,     (5.2d) 




+= ,     (5.2e) 
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/S Sβ ας = , Sβ  and Sα are half of the widths of β and α phases with a planar lamellar 
eutectic interface, ( / ) sin( )L L Lea T Lα α α ασ θ=  and  ( / ) sin( )L L Lea T Lβ β β βσ θ= , L is the heat of 
fusion per unit volume of the appropriate phase, Lασ  and Lβσ  are the specific surface free 
energies of the α-liquid and β-liquid interfaces respectively, θ is the tri-phase junction 
equilibrium angle, D is the diffusion coefficient, Cαβ  is the compositional range of the 














= +∑ . 
 
Based on Figure 5.2.2, mα  (the absolute value of the slope of the liquidus line on 
the left side of the eutectic point) is 26.1 -1K at%⋅ . mβ  (the absolute value of the slope 
of the liquidus line on the right side of the eutectic point) is 2.8 -1K at%⋅ . Thus, for the 









×= +  (
-1K at%⋅ ) = 2.5 ( -1K at%⋅ ). 
 
The value of ς can be estimated from the ratio of the volume of Cu10Zr7 to Cu8Zr3 
in the eutectic. The atom percentages of Zr are 41.2% and 27.3% for Cu10Zr7 and Cu8Zr3 
respectively. The eutectic composition is Zr38.2Cu61.8. According to the level rule,  
38.2 27.3 3.7
41.2 38.2









































The heat of fusion and the molar volume for ZrCu binary alloys are around 16.9 kJ/mole 
and 14.0 cm3/mole respectively;102 therefore, L = 16.9/14 -3kJ cm⋅  = 1.2 -3kJ cm⋅ . eT  is 
1158 K89 and assuming sin( )L Lα ασ θ  = sin( )L Lβ βσ θ  = 160 x 10-7 -2J cm⋅ ;93,103 therefore, 
7(1158 /1200) 160 10L La aα β
−= = × ×  K cm⋅  = 615.5 10−×  K cm⋅ . Thus, the quantity of 







ς ς= + +   
     
6 615.5 10 15.5 102 (1 3.7)( )
26.2 3.7 2.8
− −× ×= × + + × cm at%⋅ = 
620.0 10−× cm at%⋅ . 
 
Turn to determine the LQ  given in Eq. (5.2e), we first evaluate the three 
quantities, Cαβ , D and P, appearing in Eq. (5.2e): Cαβ  is the compositional range of the 
eutectic plateau and in the Cu10Zr7-Cu8Zr3 system, (41.2 27.3)Cαβ = −  at%= 13.9 at%; 
the value of the diffusion coefficient, D, is estimated to be 10-3 2 -1mm s⋅ ;92,93,95,104-106 and 

























= +∑ , 
when 3.7ς = , the value of P is around 0.02.93 Substituting the values of Cαβ , D and P 




5 32 2 2.5 20 10 1.7 10L LeK m a Q
−= = × × × × 1/2 -1/2K s mm⋅ ⋅  = 2.9 1/2 -1/2K s mm⋅ ⋅ . 
(2) Estimation of values of Kα and Kβ 





− Γ= ,   (5.2f) 
where m is the liquidus slope, k is the distribution coefficient, C0 is the initial alloy 
composition, D is the diffusion coefficient of solute in liquid, Γ is the Gibbs-Thompson 
coefficient, Γ =σTl/L, σ is the specific surface free energy, Tl is the liquidus temperature 
and L is the heat of fusion per unit volume. 
  
Cu8Zr3 and Cu10Zr7 are line compounds, therefore, (1-k) ≈ 1. The value of D of 
Cu8Zr3 and Cu10Zr7 is estimated to be 10-3 2 -1mm s⋅ .92,93,95,104-106 
 
For Zr35.5Cu64.5, C0 = (35.5-27.3) at% = 8.2 at%, σ of Cu8Zr3 is estimated to be 
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× × ×= 1/2 -1/2K s mm⋅ ⋅  = 16.9 1/2 -1/2K s mm⋅ ⋅ . 
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For Zr39Cu61, C0 = (41.2-39) at% = 2.2 at%, σ of Cu10Zr7 is estimated to be 




















− Γ × × ×= = 1/2 -1/2K s mm⋅ ⋅  = 2.8 1/2 -1/2K s mm⋅ ⋅ . 
 
 
(3) Calculation of min0C  
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 (at% of Zr) = 1.9 (at% of Zr). 
 
(4) Calculation of max0C  
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(at% of Zr) = 21.1 (at% of Zr). 
 
The above results for min0C  and 
max
0C  are clearly not consistent with our 
experimental result that in the Cu8Zr3-Cu10Zr7 system, the composition Zr35.5Cu64.5 has 
the optimum glass forming ability (Figure 5.2.3). The reason for this inconsistency is 
likely to be that most of the parameters in the above calculation are unknown and can 
only be roughly estimated.  This shows the difficulty in applying Equations (5.2a) and 




Figure 5.2.3 Calculated optimum glass forming zone and experimentally observed 
optimum glass former in the Cu8Zr3-Cu10Zr7 system. 
 
5.2.3 Establishment of a new strategy to pinpoint the optimum glass 
former in binary eutectic systems  
From the failure of applying Equations 5.2a and 5.2b to predict the optimum glass 
forming zone in the Cu8Zr3-Cu10Zr7 eutectic as discussed in the above section, it can be 
seen that it is actually impractical to locate the optimum glass forming zone just by 
calculating min0C  and 
max
0C , if the values of the corresponding n, Ke, Kα and Kβ are 
unknown. Nevertheless, even without this quantitative calculation, a practical 
The calculated optimum 









metallographic strategy can still be established to find the alloy composition with the 
optimum GFA in binary eutectic system experimentally.  
 
Figure 5.2.4 Schematic diagrams showing different compositions ( 1Cα ,
2Cα ,
2Cβ ,
1Cβ and Cgl 
) under the same range of cooling rate ( 1T  to 4T ) resulting in fully glass or glass matrix 
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As shown in Figure 5.2.4, an important conclusion can be drawn, i.e. in a binary 
eutectic alloy system, whether the optimum glass forming alloy is at the eutectic 
composition (Figure 5.2.4a) or at an off-eutectic composition (Figure 5.2.4b), the 
optimum glass forming alloy should always be surrounded by alloys forming glass matrix 
composite (primary phase α in a glass matrix or primary phase β in a glass matrix) at cT , 
the critical cooling rate for the optimum glass forming alloy to form fully glassy phase. 
Moreover, for a given range of cooling rate above cT  (e.g. 1T  to 4T  in Figures 5.2.4 a and 
b), as the composition is further away from the optimum glass forming composition, the 
range of cooling rate to form (glass + primary phase) composite is increased. This 
actually means that the optimum glass-forming zone/composition (Cgl in Figures 5.2.4 a 
and b) is always encompassed by the compositions with the ability to form similar-sized 
glass matrix composite ( 2Cα , 
1Cα  and 
2Cβ , 
1Cβ  in Figures 5.2.4 a and b). Thus, as a 
function of alloy composition, the microstructure in a cast sample with an appropriate 
size (e.g. Figure 5.2.5b) would change from a composite (e.g. primary phase α in the 
glass matrix for 2Cα  in Figure 5.2.5c), to fully glass (e.g. Cgl in Figure 5.2.5c), and then to 
another composite (e.g. primary phase β in the glass matrix for 2Cβ  in Figure 5.2.5c). 
Furthermore, for these casting samples, the amount of crystalline phase in the glass 
matrix will increase when the composition is further away from the optimum glass-
forming zone/composition (e.g. from 2Cα  to 
1Cα  and from 
2Cβ  to 
1Cβ  in Figure 5.2.5), as 
the cooling rate range to form (glass + primary phase) composite is increased (e.g. the 
range from 3T  to 4T  for 2Cα  and 2Cβ  increased to the range from 2T to 4T  for 1Cα  and 1Cβ , 





Figure 5.2.5 Schematic diagrams showing (a) glass forming zone and glass matrix 
composite zones in a binary eutectic system, (b) cross section of a casting mould with an 
appropriate size and a cast sample inside resulting in a range of cooling rate ( 1T  to 4T ), 
(c) 
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In essence, the above analysis establishes a microstructure-based practical 
strategy to experimentally pinpoint the alloy composition with the optimum GFA in 
binary eutectic systems. This strategy is done by making use of the glass-forming 
diagrams (Figure 5.2.4), and the hints provided by the samples’ microstructure (e.g. 
Figure 5.2.5c). More explicitly speaking, the change in the type and the amount of 
primary phase in glass matrix will be the key to locate the optimum glass former; by 
monitoring the microstructure evolution with composition and finding the junction where 
two composite (glass + primary phase α, glass + primary phase β) zones meet, one can 
precisely pinpoint the optimum glass former in a binary eutectic system. 
 
5.2.4 Confirmation of the microstructure-based strategy for pinpointing 
the optimum glass former in binary eutectic by Cu8Zr3-Cu10Zr7 system 
The results of our work in the Cu8Zr3-Cu10Zr7 eutectic system can be a good example to 
confirm the microstructure-based strategy stated above.  
As early as the 1980s, Zr-Cu alloys were found forming glass by melt-spinning 
technique over a wide range of compositions (30-70 at% of Zr).73-76 the most prominent 
of the reported Zr-Cu metallic glasses is Zr40Cu60 reported by Inoue.107 In 2001, Inoue 
studied the DSC curves of the melt-spun ZrxCu100-x (x=30-70 at%) binary glassy alloys 
and claimed that Zr40Cu60 had the maximum ∆Tx value (55 K) and this alloy can form 
metallic glass with a critical diameter of 1 mm. However, as we found the eutectic 
reaction of Cu8Zr3-Cu10Zr7, in which Zr40Cu60 is located, has asymmetric liquidus slopes, 
with the liquidus temperature rising more steeply on the Cu8Zr3 side (Figure 4.1.1); based 
on Figure 5.2.1 (b), we believed that the optimum glass former in the Cu8Zr3-Cu10Zr7 
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eutectic should be in the left side of the eutectic point (Zr38.2Cu61.8) and not at Cu60Zr40 
reported by Inoue, and therefore we started at Xeu= Zr38.2Cu61.8, and moved towards 
Cu8Zr3 in our experiments. 
As stated in Section 4.1 and summarized with Figure 5.2.6, with compositions 
ranging from Zr37Cu63, Zr36.5Cu63.5 to Zr36Cu64, the morphology of 2 mm cast rods is a 
glass matrix composite (Cu10Zr7 primary phase distributed in the glass matrix), and the 
volume percentage of Cu10Zr7 primary phase in the glass matrix is decreases from about 
25% (Zr37Cu63) to 5% below (Zr36Cu64) with the increase in Cu content. With a further 
increase in Cu content, a complete 2 mm BMG without any crystalline inclusion is 
achieved at the composition of Zr35.5Cu64.5. When the Cu content is increased slightly 
further to Zr35Cu65, a small amount (below 5% volume percentage) of Cu8Zr3, starts to 
appear in the glass matrix. With the continuous increase of 0.5% Cu content to 
Zr34.5Cu65.5, the volume percentage of Cu8Zr3 primary phase in the glass matrix increases 
to 20%. Such a switch of the primary phase (from Cu10Zr7 to Cu8Zr3) in the glass matrix 
from Zr36Cu64 to Zr35Cu65 encompasses the optimum glass-forming composition 
Zr35.5Cu64.5. During our work, it was actually this change of the primary phase from 
Cu10Zr7 (in alloy Zr36Cu64) to Cu8Zr3 (in alloy Zr35Cu65) that evoked us to check the alloy 
with the interval of 0.5 at% away from Zr36Cu64 and Zr35Cu65; and finally 2 mm BMG of 




Figure 5.2.6 Morphological change of 2 mm cast rods from Zr37Cu63 to Zr34.5Cu65.5: the 
switch of the primary phase in glass matrix (from Cu10Zr7 in Zr36Cu64 to Cu8Zr3 of 
Zr35Cu65) encompasses the optimum glass former (Zr35.5Cu64.5). (a) and (b) The XRD 
patterns of Zr37Cu63 and Zr34.5Cu65.5. (c) to (g) The cross section of Zr37Cu63, Zr36Cu64, 
Zr35.5Cu64.5, Zr35Cu65 and Zr34.5Cu65.5, (h) and (i) The morphology of Cu10Zr7 phase in 
Zr36Cu64 and Cu8Zr3 phase in Zr35Cu65 under high magnification. 
(d) Zr36Cu64 
(c) Zr37Cu63 (g) Zr34.5Cu65.5 
(e) Zr35.5Cu64.5
2mm (Glass + Cu10Zr7) 
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In this eutectic system, the optimum glass forming composition is Zr35.5Cu64.5, 
instead of the eutectic composition, Zr38.2Cu61.8. This result suggests that in the Cu8Zr3-
Cu10Zr7 system, the eutectic coupled zone should be skewed towards Cu rich side (Cu8Zr3 
compound). This shift of the optimum glass former from the eutectic composition to Cu 
rich side in this system also agrees with the fact that the liquidus temperature rises 
steepest on the Cu8Zr3 side in the binary phase diagram of Cu8Zr3-Cu10Zr7.  
The successful implementation of the microstructure-based strategy to pinpoint 
the optimum glass former in the Cu8Zr3-Cu10Zr7 system is also a good verification of the 
concept of phase selection upon glass formation proposed in ref. [100]. According to our 
results, the 2 mm BMG forming zone and 2 mm glass matrix composite forming zones 
(glass + Cu8Zr3, glass + Cu10Zr7) in the Cu8Zr3-Cu10Zr7 eutectic system are schematically 




Figure 5.2.7 Schematic diagram showing the 2 mm fully glass forming zone and 2 mm 
glass matrix composite forming zones (glass + Cu8Zr3, glass + Cu10Zr7) in the Cu8Zr3-
Cu10Zr7 eutectic system. (A: Amorphous). 































5.2.5 Other Considerations 
(a) Strong dependency of GFA on alloy composition in binary alloy systems 
For the binary Cu8Zr3-Cu10Zr7 eutectic system, only Zr35.5Cu64.5 can obtain a 2 mm fully 
glass cast rod; deviation of only 0.5 at% will cause the appearance of crystalline in 2 mm 
cast rods (Cu10Zr7 phase in Zr36Cu64 and Cu8Zr3 phase in Zr35Cu65). The 2 mm BMG 
composite zone (encompassing the optimum glass forming composition, Zr35.5Cu64.5) is 
only from Zr37Cu63 to Zr34.5Cu65.5, a mere 2.5 at% range; and not any amorphous phase is 
left in the 2 mm cast rod of alloy Zr34.25Cu65.75. All these results indicate a strong GFA 
dependency on the composition in binary alloy systems; and this extremely strong 
composition dependence of GFA explains why no BMGs were reported previously in this 
system and many other binary systems. 
It can also be inferred that this sensitivity of GFA to composition may not be 
accounted for by the commonly used parameters like values of Trg, and ∆Tx, because for 
adjacent alloys with 0.5 at% intervel, the difference of their values of Trg, and ∆Tx, could 
not be prominent enough to differentiate their GFA. The discussion in Section 5.1 also 
shows that neither of these parameters can pinpoint the optimum glass forming alloys 
within 0.5 at% accuracy. However, this sensitivity of GFA to composition manifests the 
great advantage of our microstructure-based strategy to pinpoint optimum glass formers. 
 
(b) Binary BMGs 
 With the finding of 2 mm Cu64.5Zr35.5 BMG in our work, the empirical necessary 
condition for BMG formation summarized before, a multi-component recipe with at least 
three components, has been broken. Simple binary systems have also opened new 
  114
avenues towards the understanding of the BMG family of alloys: the atomic-level short-
range structures, thermodynamic modeling, and computer simulations would become 
readily tractable, avoiding the difficulties encountered for the BMGs so far due to the 
complex nature of the multi-component interactions involved. 
 
5.3 Correlation between GFA and Trg, ∆Tx in ternary τ3-τ5-
ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu systems 
In this section, the variation tendency of GFA, Trg values and ∆Tx values of our studied 
alloys in the ternary τ3-τ5-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu systems is 
examined to check whether values of Trg and ∆Tx can indicate the GFA change in these 
three eutectic systems. Based on our DTA and DSC analysis, Figures 5.3.1 and 5.3.2 
summarize Tg, Tx and Tl isotherms of the τ3-τ5-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu 
eutectic systems; Figures 5.3.3 and 5.3.4 show the estimated 2 mm, 5 mm and 8 mm fully 

































       τ5
(Zr38Cu36Al26)
Zr2Cu







Figure 5.3.1 Tg (red lines) and Tl isotherms of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-
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Figure 5.3.2 Tx (blue lines) and Tl isotherms of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-
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Figure 5.3.3 Representations of  2 mm, 5 mm and 8 mm full glass forming range (black 
lines) and isolines of Trg values (red lines) of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-ZrCu-
Cu10Zr7 eutectic systems, showing Trg values cannot indicate the GFA change in these 
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Figure 5.3.4 Representations of 2 mm, 5 mm and 8 mm full glass forming range (black 
lines) and isolines of ∆Tx values (blue lines) of the τ3-Zr2Cu-ZrCu, τ3-τ5-ZrCu and τ5-
ZrCu-Cu10Zr7 eutectic systems, showing ∆Tx values cannot indicate the GFA change in 
these three eutectic systems. 
5.3.1 τ3-τ5-ZrCu system 
As stated in Section 4.3, in the τ3-τ5-ZrCu eutectic system, alloys 64, 67, 56 and 45 form 
a 5 mm-glass-composition region and among them, alloy 67, an off-eutectic alloy, has the 
optimum GFA in this system (this alloy can also form 8 mm fully glass). Moreover, as 
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the composition is further away from that of alloy 67, the optimum glass former, GFA of 
the alloy is decreased.  
As shown in Figure 5.3.3, although the alloys near the eutectic alloy (alloy 3), are 
encircled by an isoline of Trg value as high as 0.61 due to their low values of Tl, their 
GFA is so poor that they can only form 2 mm fully glass. However, for 5 mm-glass-
composition region (alloys 64, 67, 56 and 45), their Trg values are only between 0.59-0.6, 
and for alloy 67, the optimum glass former in the τ3-τ5-ZrCu eutectic system, its Trg value 
is only 0.597. In addition, although from the 5 mm-glass-composition region to the 
compositions near the eutectic point, the value of Trg isoline is constantly increased from 
0.59 to 0.61, GFA is actually constantly decreased (critical size for fully glass formation 
is dropped from 8 mm to below 2 mm). Figure 5.3.6 shows the change of Trg values and 
approximate critical sizes of fully glass formation versus compositions along Line 1 in 
Figure 5.3.5. In summary, Trg values cannot indicate the GFA change in the τ3-τ5-ZrCu 
eutectic system.  
 Figure 5.3.4 shows that the isoline of the highest ∆Tx value (60K) does not 
completely include the 5 mm-glass-composition region, and also does not include the 
optimum glass former, alloy 67 (its  ∆Tx value is 58 K).  Although with less Cu content 
than the 5 mm-glass-composition region, alloy 55 has the highest ∆Tx value (60 K), GFA 
of this alloy is not high enough to form 5 mm fully glass. Figure 5.3.6 also shows the 
change of ∆Tx values and approximate critical sizes of fully glass formation versus 
compositions along Line 1 in Figure 5.3.5. In summary, ∆Tx values also cannot indicate 
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Figure 5.3.5 Positions of Line 1 and Line 2, along which approximate critical sizes of 
fully glass formation versus compositions, and values of Trg and ∆Tx versus compositions 

























































































Figure 5.3.6 Values of Trg and ∆Tx versus compositions, and approximate critical sizes of 
fully glass formation versus compositions along Line 1 in Figure 5.3.5. 
 
5.3.2 τ5-ZrCu-Cu10Zr7 system 
Due to its lowest Tl value in the τ5-ZrCu-Cu10Zr7 eutectic system (shown in Figure 5.3.3), 
alloy 47, the eutectic alloy and also the optimum glass former, is encircled by the isoline 
of the highest Trg value (0.609). Moreover, for alloys surrounding alloy 47, Trg value is 
decreased as composition is further away from that of alloy 47. This contour of Trg 
isolines is consistent with the GFA change of this system that GFA is decreased with 
composition further away from that of alloy 47. Thus, Trg values can indicate GFA of 
alloys in the τ5-ZrCu-Cu10Zr7 eutectic system. 
As shown in Figure 5.3.4, the isoline of the highest ∆Tx value (60K) does not 
include the optimum glass former, alloy 47 (its ∆Tx value is only 48 K).  Although alloy 
43 has the highest ∆Tx value (60 K), its GFA is poorer than that of alloy 47 and this alloy 
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can only form 5 mm glass matrix composite. Thus, ∆Tx values cannot indicate the GFA 
change in this system that GFA is decreased with composition further away from that of 
alloy 47.  
 
5.3.3 τ3-Zr2Cu-ZrCu system 
As stated in Section 4.5, in the τ3-Zr2Cu-ZrCu eutectic system, alloys 12, 75 and 14, three 
off-eutectic alloys, have the optimum GFA. These three alloys form a 5 mm-glass-
composition region; moreover, as the composition is further away from this 5 mm-glass-
composition region, GFA of the alloy is decreased.  
In  Figure 5.3.3, the isoline with the highest Trg value (0.6) does not include the 
optimum glass formers (alloys 12, 75 and 14). For these three alloys, their Trg values are 
only between isolines of 0.56 and 0.58. Although from alloys 12, 75 and 14 to the alloys 
near the eutectic alloy (alloy 6), the value of Trg isoline is increased from 0.56 to 0.6, 
GFA is actually decreased. In  Figure 5.3.4, the isoline with the highest ∆Tx value (65K) 
does not completely include the 5 mm-glass-composition region. For alloys 75 and 14, 
their ∆Tx value is 64 K and 62 K respectively. In addition, although with the Cu content 
reduced from the compositions of alloys 12, 75 and 14, ∆Tx value is increased (alloy 10 
has a ∆Tx as high as 67 K), GFA is actually decreased. Thus, both Trg values and ∆Tx 
values cannot indicate the GFA change in the τ3-Zr2Cu-ZrCu eutectic system. 
 
In summary for Section 5.3, for Trg values, only in the τ5-ZrCu-Cu10Zr7 ternary 
eutectic system, they have a good indication of GFA change; for ∆Tx values, they cannot 
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indicate GFA change in any eutectic system of the τ3-τ5-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-
Zr2Cu-ZrCu. Moreover, Figure 5.3.7 shows the change of Trg values, ∆Tx values and 
approximate critical sizes of fully glass formation versus compositions along Line 2 in 
Figure 5.3.5, which spans these three adjacent eutectic systems and crosses the 
corresponding three maximum glass-forming regions of them. As shown in this figure, 
regardless of the boundary of these adjacent eutectic systems, the maximum GFA in these 
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Figure 5.3.7 Values of Trg and ∆Tx versus compositions, and approximate critical sizes of 
fully glass formation versus compositions along Line 2 in Figure 5.3.5. 
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5.4 A new strategy to pinpoint the optimum glass former in 
ternary eutectic systems 
 
 
Figure 5.4.1 Ternary eutectic phase diagram. 
 
The microstructure-based strategy to pinpoint the optimum glass former stated in Section 
5.2 is based on the discussion for a binary eutectic system, but it can also be extended to a 
ternary eutectic system, as the basic principle of phase selection will also be the same in a 
ternary alloy system.  
 
5.4.1 Establishment of a new strategy to pinpoint the optimum glass 
former in ternary eutectic systems 
In 1980, it was stated and proven by McCartney that the idea about competitive growth of 
crystalline phases, which were developed to predict the ranges of structures in binary 
eutectic systems, can also be extended to predict the ranges found in three component 







the three primary phases α, β and γ have the same ease of growth, a number of different 
structural regions are then to be expected according to the competitive growth of primary, 
binary eutectic and ternary eutectic phases.108 The composition ranges of each of these 
for a fixed growth rate and temperature gradient are shown schematically on Figure 5.4.2 
(a) and referring to this figure:108 
 
Figure 5.4.2 (a) Schematic representation of the composition ranges of the various 
structure (adapted from Ref. [108], not considering formation of glass), (b) to (e) 





































Region 1---Around the ternary eutectic composition, a three phase eutectic 
structure is expected without any primary phase or two phase eutectic (Figure 
5.4.2b), because in this region, the growth temperature of primary and binary 
eutectic phases is lower than that of ternary eutectic phase. 
Region 2---For alloys near the eutectic valley, two phase eutectic is expected with 
the third component appearing near the ternary eutectic temperature  either as a 
thin layer of this phase or as a three phase eutectic layer around each two phase 
eutectic depending on the volume fraction of the ternary eutectic. The sequence 
for the growth of different phases is shown schematically in Figure 5.4.2 (c). 
Region 3---For alloys away from the eutectic valleys, primary phase growth is 
firstly to be expected, followed by the structures described in regions 1 and 2, and 
can be as follows:  
3a) Primary phase growth occurs and is followed by three phase eutectic. 
The sequence for the growth of different phases is shown schematically in 
Figure 5.4.2 (d) 
3b) Primary phase growth occurs and can be followed firstly by two phase 
eutectic and finally by three phase eutectic. The sequence for the growth 
of different phases is shown schematically in Figure 5.4.2 (e) 
Region 4---Near the pure component corners, single phase growth occurs. 
 
In a ternary eutectic system in which some of the constituent phase(s) have greater 
difficulty in growth than other constituent phase(s), the three phase eutectic coupled 
growth region (region 1 in Figure 5.4.2) may shift away from the ternary eutectic 
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composition of the phase diagram.108,109 However, regardless of whether the three phase 
eutectic coupled growth zone (region 1 in Figure 5.4.2) shifts away from the ternary 
eutectic composition or not, the microstructure selection in Figure 5.4.2 shows that for a 
ternary eutectic system, it is always the junction of the three (primary phase +  ternary 
eutectic matrix) zones (region 3a in Figure 5.4.2) that lies in the regions connecting the 
three phase eutectic coupled growth zone (region 1 in Figure 5.4.2) and the 
corresponding primary α, β or γ phases.  
At high growth rates when the growth temperature of primary and eutectic phases 
decreases to cross the glass transition temperature of the system, it can be expected that 
the formation of a glassy phase would be involved in the competing growth process of 
crystalline phases and thus should be treated as another competing phase. For this 
competition involving the participation of glassy phase, complete suppression of crystal 
growth can also be expected when the glass transition temperature, Tg, is higher than the 
growth temperature of all the primary and eutectic phases. Ma and Zhang have 
systematically studied the competition between glass formation and crystal growth in 
ternary alloy systems.110 According to reference [110], as in the ternary system: 
1. The growth temperature of ternary eutectic is independent of composition, 
2. Normally, Tg has a smaller dependence on composition compared with the 
growth temperatures of primary and binary eutectic phases, 
3.  the competition between ternary eutectic coupled growth and glassy phase 
formation will determine the lowest critical growth rate for fully glass 
forming (the critical growth rate for the optimum glass forming region in 
the ternary system to form glass) 
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4. region 1 in Figure 5.4.2 therefore has the highest GFA. Correspondingly, 
the ternary eutectic matrix in Figure 5.4.2 (regions 2 and 3) will be 
replaced by a glass matrix if this growth rate is reached. 
Thus, combining the competition of glass formation into Figure 5.4.2, the 
microstructural evolution for a ternary system under the critical growth rate for glass 
formation competing over growth of ternary eutectic can be proposed as in Figure 5.4.3. 
In Figure 5.4.3 (a), there are, 
  
Figure 5.4.3 (a) Schematic representation of the composition ranges of the various 
structure (considering formation of glass), (b) to (e) Schematics of growth interface 


















(b) region 1 (c) region 2 (d) region 3a (e) region 3b 








Region 1--- the three phase eutectic structure in region 1 of Figures 5.4.2 is 
expected to be replaced by glass, because the growth temperature of ternary 
eutectic coupled growth is now lower than the glass transition temperature of 
liquid. Figure 5.4.2 (b) can be correspondingly changed as Figure 5.4.3 (b). This 
region should also have the highest glass forming ability in the ternary system. 
Region 2---binary eutectic growth occurs with the remaining liquid transformed 
into glassy phase. The sequence for the growth/formation of different phases is 
shown schematically in Figure 5.4.3 (c) 
Region 3---primary phase growth is firstly to be expected, followed by the 
structures described in regions 1 and 2, and can be as follows:  
3a) Primary phase growth occurs with the remaining liquid transformed 
into glass. The sequence for the growth/formation of different phases is 
shown schematically in Figure 5.4.3 (d) 
3b) Primary phase growth occurs and can be followed firstly by two phase 
eutectic and finally by the transformation of the remaining liquid into 
glass. The sequence for the growth/formation of different phases is shown 
schematically in Figure 5.4.3 (e) 
 
More details about the growth interface morphologies in these regions and the 
competition between glass formation and crystal growth in ternary alloy systems can be 
found in reference [110]. 
Region 1 (the glass region) in Figure 5.4.3 may also be shifted away from the 
eutectic composition according to the discussion for Figure 5.4.2, but under either 
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condition, there are always two basic characteristics (as illustrated in Figure 5.4.4), (i) 
that the optimum glass forming region will be at the junction where the three composite 
(primary phase α + glass matrix, primary phase β + glass matrix, primary phase γ + glass 
matrix) zones meet; and (ii) the composites (primary phase α + glass matrix, primary 
phase β + glass matrix, primary phase γ + glass matrix) lie in the zones connecting 
between the optimum glass forming region and the corresponding primary phases. 
Moreover, for a given range of cooling rate (slightly greater than the critical cooling rate 
for fully glass forming), as the composition is further away from the optimum glass 
forming composition, the cooling rate range to form (glass + primary phase) composite is 
increased.110 
Thus, similarly to the establishment of the strategy to pinpoint the optimum glass 
former in binary eutectic system, a microstructure-based strategy to pinpoint the optimum 
glass forming region/composition within ternary eutectic system can be summarized 
based on Figure 5.4.4, i.e. by monitoring the microstructure evolution with composition 
(e.g. 1Cα  to 
2Cα , 
1Cβ  to 
2Cβ  and 
1Cγ  to 
2Cγ  in Figure 5.4.4), and finally finding the junction 
where the three composite (primary phase α + glass matrix, primary phase β + glass 
matrix, primary phase γ + glass matrix) zones meet, the optimum glass former (Cgl in 




Figure 5.4.4 Schematic diagrams showing (a) cross section of a casting mould with an 
appropriate size and a cast sample inside resulting in a range of cooling rate above the 
critical cooling rate for fully glass forming in the ternary alloy system (T is cooling rate), 
(b) microstructure evolution of the cast samples with the change of compositions from 































5.4.2 Confirmation of the microstructure-based strategy for pinpointing 
the optimum glass former in ternary eutectic by τ3-τ5-ZrCu, τ5-ZrCu-
Cu10Zr7 and τ3-Zr2Cu-ZrCu systems 
It is by the implementation of the microstructure-based strategy stated in Section 5.4.1 
that we have successfully pinpointed three optimum glass forming regions in the three 
adjacent τ3-τ5-ZrCu, τ5-ZrCu-Cu10Zr7 and τ3-Zr2Cu-ZrCu eutectics.  
 
(a) Previously reported Zr-Cu-Al bulk metallic glasses 
GFA of Zr-Cu-Al alloys has been studied extensively. In 1992, Inoue et al. first reported 
a wide undercooled liquid region over a large composition range and the largest value for 
∆Tx as 88 K for Zr65ACu27.5Al7.5 (A in Figure 5.4.5).82 In 1998, it was reported that a 5 
mm amorphous ingot was obtained in the Zr60Cu30Al10 alloy (B in Figure 5.4.5),83 while it 
was claimed that glassy alloy ingots with diameter of 3 mm were formed for Zr45Cu50Al5 
alloy (C in Figure 5.4.5) by a casting method in 2002.84 Also in 2002, Yokoyama et al. 
reported a glass forming of 10 mm almost fully amorphous rod with some crystalline 
inclusion by casting method in Zr50Cu40Al10 alloy (D in Figure 5.4.5).85 In 2004, Xu and 
Johnson reported a 3 mm diameter fully amorphous rod in Zr47Cu46Al7 alloy (E in Figure 
5.4.5).38 Our study also confirms a wide compositional range of 2 mm fully amorphous 
ingots (Figure 5.4.5) in the Zr-Cu-Al system, which covers most of the alloys reported 
before. All these results remind us that the three adjacent τ3-τ5-ZrCu, τ5-ZrCu-Cu10Zr7 
and τ3-Zr2Cu-ZrCu eutectics may possess good GFA and if we implement the 
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microstructure-based strategy stated in Section 5.4.1 in these eutectic systems, alloys with 


































Figure 5.4.5 Fully glass forming zones superimposed on the ternary phase diagram 
showing the composition regions of 2 and 5 mm full glass formation in the three 
eutectics. The dashed line shows the ∆Tx isotherm from ref. [82]. A: Zr65Cu27.5Al7.5, B: 
Zr60Cu30Al10, C: Zr45Cu50Al5, D: Zr50Cu40Al10, E: Zr47Cu46Al7. 
 
(b) τ3-τ5-ZrCu system 
The liquidus isotherms of the τ3-τ5-ZrCu eutectic in Figure 4.2.1 show that the liquidus 
temperature on the right side of the eutectic point rises much more steeply than that of the 
other sides. This gives a hint that in this eutectic system, the optimum glass former may 
be shifted away from the eutectic point. The very poor GFA of the eutectic alloy, 
Zr48Cu38Al14, soon confirmed this hint. Thus, we started from alloy 8, Zr50Cu34Al16, a 
near eutectic alloy, and then increased the Cu content and decreased Al Content, trying to 
find the glass matrix composites (primary phase τ3 in glass matrix); in the mean time, we 
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also studied alloys 11 (Zr46Cu42Al12), 39 (Zr46Cu44Al10) and 40 (Zr47Cu45Al8) in order to 
find another glass matrix composites (primary phase τ5 in glass matrix). As a result, we 
successfully obtained 5 mm (τ3 + glass) composite in alloy 1 (Zr50Cu38Al12), alloy 7 
(Zr50Cu40Al10) and alloy 55 (Zr50Cu43Al7), 5 mm (τ5 + glass) composite in alloy 39 
(Zr46Cu44Al10) and alloy 40 (Zr47Cu45Al8) as show in Figure 5.4.6. Moreover, the change 
of the primary phase in the glass matrix from τ3 in alloy 55 to τ5 in alloy 40 finally helped 
us to reach the 5 mm glass forming compositional region. The study of alloys 57 
(Zr49Cu46Al5) and 62 (Zr49Cu47Al4) to find glass matrix composites (primary phase ZrCu 
in glass matrix) was just to find the boundary of this 5 mm glass forming compositional 
region (Figure 5.4.6). After we found the 5 mm glass forming compositional region, 
including alloys 64 (Zr49Cu44Al7), 67 (Zr48Cu45Al7), 56 (Zr49Cu45Al6) and 45 
(Zr48Cu46Al6), we reduced the at% interval from 2% to 1% and pinpointed the optimum 
glass former in τ3-τ5-ZrCu, Zr48Cu45Al7, which can form 8 mm bulk metallic glass. The 
consistence between Figure 5.4.6 and Figure 5.4.4 clearly confirms the effectiveness of 
the microstructure-based strategy to pinpoint the optimum glass former within ternary 
eutectic alloy systems. 
In the τ3-τ5-ZrCu eutectic system, the optimum glass former shifts away from the 
eutectic composition in this system and causes the empirical conclusion drawn from Trg 
criterion (the composition at the eutectic point has the highest GFA) to fail. However, this 
shift does not have any unfavorable influence on the successful implementation of our 
microstructure-based strategy to pinpoint the optimum glass former within this eutectic 
system, because the optimum glass forming region is still the junction of the three 
composite (τ3+glass, τ5+glass and ZrCu+glass) zones. 
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(k) Alloy 57 















        τ3
(Zr51Cu28Al21)
A+τ3
5 mm Fully  G
(g) Alloy 64 
     0.5 mm 


















     0.5 mm 
 (e) Alloy 1 
     0.5 mm 
(f) Alloy 55 
(h) Alloy 39 
    0.5 mm 
(i) Alloy 40 
    0.5 mm 
(j) Alloy 67 
    0.5 mm 
(l) Alloy 62 
    0.5 mm
Figure 5.4.6: Morphological 
change of 5 mm cast rods in 
the τ3-τ5-ZrCu system:  (a) 
The optimum glass forming 
region is at the junction where 
the three composite (primary 
phase τ3, τ5 or ZrCu in glass 
matrix) zones meet. (b) The 
XRD patterns of alloys 1, 39, 
67 and 57. (c) and (d) The 
morphology of τ3 and τ5 
phases in glass matrix under 
high magnification. (e) to (l) 
A quarter of the cross 
(a) 
(b) (c) τ3 (d) τ5 
section of alloys 1, 55, 
64, 39, 40, 67, 57 and 
62. 
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(c) τ5-ZrCu-Cu10Zr7 system 
The liquidus isotherms of the τ5-ZrCu-Cu10Zr7 eutectic are distributed about evenly 
around the eutectic point as shown in Figure 4.2.1. Thus, we started from the eutectic 
alloy, Zr45Cu49Al6 (alloy 47 in Figure 5.4.7), and found this alloy can form 5 mm fully 
amorphous. Afterwards, as summarized in Figure 5.4.7, alloy 47 was confirmed as the 
optimum glass former in this eutectic system, as we found that when the composition was 
further away from that of alloy 47, GFA was decreased. Moreover, in the regions 
connecting alloy 47 and the corresponding primary phases, there were three kinds of 5 
mm composites (τ5+glass, ZrCu+glass and Cu10Zr7+glass). The consistency between 
Figure 5.4.7 and Figure 5.4.4 clearly confirms the effectiveness of the microstructure-
based strategy to pinpoint the optimum glass former within ternary eutectic alloy system 
again after our GFA study in the τ3-τ5-ZrCu eutectic system summarized in Figure 5.4.6. 
However, different from the result in the τ3-τ5-ZrCu eutectic, the optimum glass former is 
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alloy 73  
(f) Alloy 47 
    0.5 mm
(i) Alloy 59 
    0.5 mm 
(h) Alloy 65 
     0.5 mm 
(g) Alloy 66 
     0.5 mm 
(d) Alloy 43 
     0.5 mm 
(e) Alloy 49 
     0.5 mm 
(j) Alloy 73 
    0.5 mm 
Figure 5.4.7: Morphological 
change of 5 mm cast rods in the 
τ5-ZrCu-Cu10Zr7 system: (a) 
The optimum glass forming 
composition is at the junction 
where the three composite 
(primary phase τ5, ZrCu or 
(a) 
(b) (c) τ5 
Cu10Zr7 in glass matrix) zones meet. (b) The XRD patterns of alloys 43, 47, 73 and 65. (c) 
The morphology of τ5 in glass matrix under high magnification. (d) to (j) A quarter of the 
cross section of alloys 43, 49, 47, 66, 65, 59 and 73. 
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(d) τ3-Zr2Cu-ZrCu system 
Similarly, by implementing the microstructure-based strategy as stated in the previous 
two sections and summarized in Figure 5.4.8, the optimum glass forming region, 
comprising of Zr54Cu38Al8 (alloy 12), Zr55Cu37Al8 (alloy 75) and Zr56Cu36Al8 (alloy 14), 
in the τ3-Zr2Cu-ZrCu eutectic system was pinpointed.   
However, according to our results, in the region connecting the optimum glass 
formers and Zr2Cu (alloys 17 and 20 in Figure 5.4.8), the 5 mm composite (Zr2Cu 
distributed in glass matrix) was not obtained as in the center part of 5 mm cast rods of 
alloys 17 and 20. Instead, a fully crystalline region existed, which mainly consisting of 
Zr2Cu primary phase. This inconsistency with Figure 5.4.4 may have resulted from the 
sharp drop of the Tg value in this region. According to Ma,13,98-100 the higher the Tg value 
compared with that of Te (eutectic temperature), the higher the competing ability of glass 
formation over eutectic coupled growth. Thus, a small fluctuation of Tg value should be 
the requirement for the optimum glass-forming zone/composition to be enclosed by the 
compositions that have the ability to form similar-sized glass matrix composites. As 
shown in Table 4.4 on page 90,  the drop of the Tg value from alloy 75 (688K) to alloy 17 
(671K) and alloy 20 (659K) is 17 K and 29 K, which are much shaper compared with the 
drop of the Tg value from alloy 75 (688K) to alloy 71 (684K) and alloy 28 (677K). This 
sharp decrease of Tg value in the region connecting alloys 14, 75, 12 and Zr2Cu may 
greatly deteriorate the competing ability of the glass formation over the ternary eutectic 
coupled growth making alloys 17 and 20 unable to form 5 mm composite (Zr2Cu + glass 
matrix). However, for 5 mm cast rods of alloys 17 and 20, although 5 mm (Zr2Cu + glass) 
composite has not been found under our experimental condition, 
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(f) Alloy 75 
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(Zr51Cu28Al21)
5 mm Fully G
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(i) Alloy 71 
    0.5 mm 
(g) Alloy 17 
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(h) Alloy 20 
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     0.5 mm 
(e) Alloy 72 
     0.5 mm 
(d) Alloy 10
Figure 5.4.8: Morphological 
change of 5 mm cast rods in 
the τ3-Zr2Cu-ZrCu system: (a) 
The optimum glass forming 
region is at the junction where 
the two composite (primary 
phase τ3, ZrCu in glass 
matrix) zones meet. (b) The 
XRD patterns of alloys 10, 
(a)
(b) (c) τ3  






















75, 28 and 20, (c) The morphology of τ3 in glass matrix under high magnification. (d) to (j) 
A quarter of the cross section of alloys 10, 72, 75, 17, 20, 71 and 28. 
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the primary phase in the eutectic matrix is Zr2Cu. This can still give us enough of a hint 
that the change of the primary phase in glass/eutectic matrix from τ3 (alloy 72) to ZrCu 
(alloy 71), then to Zr2Cu (alloy 17) should encompass the optimum glass formers in the 
τ3-Zr2Cu-ZrCu eutectic system. 
 
5.4.3 Other considerations  
(a) Composite formation 
 
Our microstructure-based strategy to pinpoint the optimum glass former also shows the 
compositional region where the glass matrix composite can be obtained. Here the glass 
matrix composite is defined as an ingot with its primary phase in an amorphous matrix 
with the most important feature being that there is still amorphous phase at the central 
part of the ingot. The morphology of the primary phases can be varied and their 
distribution can be uniform (e.g. Figure 4.3.5) or non-uniform (e.g. Figure 4.3.13). 
Furthermore, GFA of these glass matrix composites can be very poor, i.e. the critical size 
for full glass formation is very small. This understanding will aid to locate the alloys with 
the in situ formed crystalline phase in amorphous matrix, which have been reported to 
improve the mechanical properties.13,111-113 
On the other hand, our microstructure-based strategy to pinpoint the optimum 
glass former shows that the appearance of crystalline peaks in the XRD pattern should 
not be regarded as a sign for poor GFA for a given system. It is essential to reveal if the 
ingot has a composite-like structure, as defined above, through the metallographic 
inspection of the ingot. Such a composite microstructure actually is an indication that a 
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fully amorphous alloy is nearby. More specifically, controlling the alloy composition 
towards the direction where the amount of the crystalline phase is diminishing is the 
correct approach, rather than reducing the ingot size to find the full glass formation in the 
composite forming alloys, which may have a quite poor GFA for full glass formation. 
 
(b) Strong dependency of GFA on alloy composition in ternary alloy systems 
The fact that there is a 1 at% interval between locating the optimum glass former in Zr-
Cu-Al alloys indicates the same strong GFA dependency on the composition in ternary 
alloy systems as discovered in binary Cu8Zr3-Cu10Zr7 eutectic system. For the ternary τ3-
τ5-ZrCu eutectic system, only alloy 67 (Zr48Cu45Al7) can form 8 mm fully glass cast rod; 
a deviation of only 1 at% will cause the appearing of crystalline phase in 8 mm cast rods 
(τ3 phase in alloy 64, ZrCu phase in alloys 56 and 45). For the ternary τ5-ZrCu-Cu10Zr7 
eutectic system, only alloy 47 (Zr45Cu49Al6) can form 5 mm fully glass cast rod; 
deviation of only 1 at% will cause the appearance of crystalline phase in 5 mm cast rods 
(τ5 phase in alloy 49, ZrCu phase in alloy 66 and Cu10Zr7 phase in alloy 59).  
Greer’s confusion theory for glass formation62 has been widely accepted, leading 
to the common belief that multi-component alloys are generally preferred in discovering 
large sized amorphous ingots. Our results here indicate that there is a need to fine tune 
the composition to achieve optimum glass forming alloys, even at 1 at% interval, because 
of the strong GFA dependency on the composition; otherwise, the optimum glass forming 
alloys can be missed, not only in binary alloys as stated in section 5.2.5, but also in multi-
component alloys. For example, as shown in Figure 5.4.5, our optimum glass forming 
alloy Zr48Cu45Al7 of 8 mm fully glass ingot in the τ3-τ5-ZrCu system is only 1 at% of Zr 
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away from previously reported alloy Zr47Cu46Al7 with significantly lower GFA of 3 mm 
fully glass rod.38 Similarly, our optimum glass former in the τ5-ZrCu-Cu10Zr7 system. 
Zr45Cu49Al6 of 5 mm fully glass rod is also 1 at% of Al away from previously reported 
alloy Zr45Cu50Al5 forming only 3 mm fully glass rod.84 In addition, a new optimum glass 
forming region (Zr54Cu38Al8, Zr55Cu37Al8 and Zr56Cu36Al8, 5 mm BMGs in the τ3-Zr2Cu-
ZrCu system) nearby is also discovered. In all these cases, carefully monitoring the 
microstructural changes in the cast rods as function of alloy content with 1 at% interval 
leads us to the optimum glass forming alloys, better than reported before. Although this 
requirement of scanning the alloys with 1 at% interval in multi-component alloy system 
may lead to an astronomical number of alloys that need to be studied, our strategy here 
points out that as long as there is awareness that each of optimum glass former is 
associated with one eutectic (sometimes a metastable or a pseudo one) and the right way 
to approach it, i.e. monitoring the microstructure evolution, the task becomes much 












Chapter 6 Conclusions 
 
1. Based on the principle of the competition of the formation/growth of glass and 
crystalline phases, metallographic strategies to pinpoint the optimum glass former 
within binary and ternary eutectic alloy systems have been established.  
 
 
2. Through implementation of our metallographic strategy, the optimum glass 
former in the Cu8Zr3-Cu10Zr7 eutectic system, Zr35.5Cu64.5, has been pinpointed. 
This alloy can form bulk metallic glass with 2 mm in diameter and has broken the 
empirical condition previously believed necessary for BMG formation, i.e. a 
multi-component recipe with at least three components. Any alloy in the Cu8Zr3-
Cu10Zr7 eutectic system deviating from Zr35.5Cu64.5 even by 0.5 at% failed to form 
2 mm BMG.  On each side of Zr35.5Cu64.5, a composition zone forming 2 mm 
BMG composites (Cu8Zr3 + glass or Cu10Zr7 + glass) has been found, in which the 
volume percentage of the crystalline phase decreased when the composition was 
nearer to Zr35.5Cu64.5. 
 
3. By implementing our metallographic strategy, we have pinpointed three optimum 
glass forming regions, in three adjacent Zr2Cu-τ3-ZrCu, τ3-τ5-ZrCu and τ5-ZrCu-
Cu10Zr7 eutectics in the ternary Zr-Cu-Al alloy system. Any alloy deviating from 
these compositions by even 1 at% was found to have a significantly lower GFA. 
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The optimum glass forming alloys were surrounded by the alloys forming 
crystalline plus amorphous composite with similar critical size.  
 
4. In both the binary and ternary eutectic systems we studied, the composite defined 
as primary phase in amorphous matrix can be obtained in the alloys close to the 
optimum glass former, but lying in the region between the optimum glass former 
and the corresponding primary crystalline phase. The distribution of the primary 
phase was found to be either uniform or non-uniform. This understanding will aid 
to locate the alloys with the in situ formed crystalline phase in amorphous matrix. 
 
5. Our present results indicate that there is a strong dependency of GFA on 
composition in both binary and ternary alloy systems. This strong dependency can 
not be accounted for by the commonly used parameters, at least not in our present 
study. Although the requirement of changing the alloy content with 0.5 at% 
interval in binary alloy systems and 1 at% interval in ternary alloy systems leads 
to a large number of alloys that need to be studied, our finding points out that as 
long as we are aware that each of optimum glass former is associated with one 
eutectic, the task becomes much simpler.  
 
6. The present study shows that neither of the GFA scaling parameters, Trg and ∆Tx 






(a) Study of the mechanical properties of the bulk metallic glasses and the bulk 
metallic glass matrix composites obtained in this work  
 A major drawback of bulk metallic glasses for engineering applications is the low 
ductility under tensile or compressive loading at ambient temperature. To counter this, 
the introduction of a crystalline phase into the glass matrix has been utilized to improve 
the ductility of bulk metallic glasses. However, although prior works have demonstrated 
the benefit of the crystalline reinforcement in bulk metallic glasses, there has yet to be a 
systematic study of the role of the crystalline reinforcement volume fraction on various 
properties. The bulk metallic glass matrix composites obtained in this work with different 
volume fraction of crystalline phase offers ample room for the systematic study of the 




(b) Application of the strategy established in this work to other binary eutectic 
systems 
 It should be promising to obtain more binary bulk metallic glasses if our 
metallographic strategy for pinpointing the optimum glass former is implemented to other 
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binary eutectic alloy systems. Moreover, those systems having been scrutinized before 
should also be included, because the strong dependence of GFA on the composition 
observed in this work implies that many good BMG formers may have escaped detection. 
With the formation of these binary bulk metallic glasses, the atomic-level short-range 
structures, thermodynamic modeling, and computer simulations would become readily 
tractable for the BMG family. This is because of the avoidance of the difficulties 




(c) Study of the glass forming ability of Zr based quaternary alloys 
The ternary Zr based optimum glass formers pinpointed in this work form the real 
starting point for further improvement of GFA of quaternary Zr based alloys. Moreover, 
it is expected that much larger sized amorphous ingot will be discovered in Zr based 
quaternary alloys if we also extend our metallographic strategy for pinpointing the 
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Zr Cu Al 
Tm (K) Tl (K) 
One melting peak (Yes 
or No) 
62 36 2 1124 1280 No 
56 42 2 1124 1250 No 
52 46 2 1122 1222 No 
48 50 2 1139 1230 No 
46 52 2 1141 1202 No 
44 54 2 1140 1189 No 
42 56 2 1139 1194 No 
62 34 4 1122 1264 No 
60 36 4 1123 1256 No  
58 38 4 1124 1248 No  
54 42 4 1122 1218 No  
52 44 4 1124 1219 No 
50 46 4 1127 1207 No 
49 47 4 1126 1208 No 
47 49 4 1140 1202 No 
46 50 4 1139 1200 No 
44 52 4 1141 1190 No 
42 54 4 1141 1193 No 
50 45 5 1123 1194 No 
49 46 5 1126 1195 No 
47 48 5 1138 1195 No  
46 49 5 1140 1191 No  
45 50 5 1140 1185 No  
44 51 5 1141 1189 No 
43 52 5 1140 1191 No 
60 34 6 1122 1252 No 
58 36 6 1124 1245 No  
56 38 6 1121 1227 No  
54 40 6 1122 1208 No  
52 42 6 1123 1209 No 
50 44 6 1124 1191 No 
49 45 6 1126 1187 No 
48 46 6 1125 1192 No  
47 47 6 1139 1189 No  




















































(K) One melting peak 
46 48 6 1139 1186 No  
45 49 6 1140 1178 Yes 
44 50 6 1140 1183 Yes 
43 51 6 1140 1187 No  
54 39 7 1122 1199 No 
52 41 7 1123 1192 No 
50 43 7 1122 1181 No 
49 44 7 1126 1184 No  
48 45 7 1125 1186 No  
47 46 7 1130 1187 No  
46 47 7 1140 1187 No 
45 48 7 1142 1188 No 
44 49 7 1141 1204 No  
43 50 7 1142 1212 No 
58 34 8 1122 1231 No 
56 36 8 1121 1212 No 
55 37 8 1121 1208 No 
54 38 8 1122 1190 No  
52 40 8 1123 1180 No  
50 42 8 1124 1179 No  
49 43 8 1125 1177 No 
48 44 8 1125 1197 No 
47 45 8 1125 1218 No  
45 47 8 1139 1195 No 
44 48 8 1139 1212 No 
43 49 8 1140 1219 No 
56 34 10 1121 1194 No 
54 36 10 1123 1176 Yes 
52 38 10 1121 1163 Yes 
50 40 10 1124 1176 No  
48 42 10 1126 1206 No  
46 44 10 1125 1223 No  
44 46 10 1142 1252 No 
42 48 10 1140 1260 No 
54 34 12 1122 1188 No  
52 36 12 1121 1182 No 
50 38 12 1122 1170 No 
48 40 12 1125 1258 No 
46 42 12 1124 1267 No 
54 32 14 1122 1198 No  
50 36 14 1121 1188 No 
48 38 14 1125 1159 Yes 









(K) One melting peak 
46 40 14 1125 1272 No 
52 32 16 1123 1208 No 
50 34 16 1123 1209 No 
48 36 16 1123 1192 No 
46 38 16 1125 1172 No 
50 32 18 1123 1227 No 
46 36 18 1124 1195 No 
44 38 18 1124 1270 No 
46 34 20 1125 1220 No 
